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Abstract
Drosophila melanogaster has been an attractive animal model for more than 100 years. Our
laboratory has established a high-throughput assay for fly locomotion in a circular arena. Fly
locomotor activity involves the interaction between the environment and internal physiological
characteristics, including age. Behaviors such as walking, feeding and resting are age-specific,
however, how age affects the fly locomotion and whether such changes are strain specific is
unclear. Environmental effects such as variation in temperature and humidity also affect
locomotor performance. However, the effects on locomotion of long-term environmental change
such as the pulsed light stimulation, or the short-term environmental change such as acute
hypoxia, are unknown. For my thesis, I investigated the effect of age on locomotor performance
by examining boundary preference, path length per minute and 0.2 s path increment during
locomotion in small circular arenas, and the speed of locomotor recovery from anoxia. My
results show that locomotor performance depended on age, and such age-dependent changes
differed between fly strains. I also studied the effect of pulsed light stimulation on locomotor
activity and extracellular electrical activity in the brain. This stimulus increased boundary
preference and the distance travelled in a circular arena, as well as the periodicity of episodic
motor activity. In addition, I examined locomotor responses to hypoxia and the role of CNGL
channel in these responses. Hypoxia and re-oxygenation modulated locomotor performance, and
flies with down-regulation of CNGL showed reduced locomotion under normoxia, reduced
recovery from hypoxia, and reduced basal level of CNS extracellular K+ concentrations. In
response to hypoxia, down-regulation of CNGL increased extracellular K+ concentration change,
reduced time to reach the K+ concentration peak, and delayed time to recover from hypoxia.
Upregulation of cGMP partially compensated for the changes in locomotor activity and
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electrophysiological alterations in response to hypoxia. Taken together, age and environmental
stimuli affect fly locomotor performance, and CNGL channels are involved in modulating
locomotion and CNS function in response to hypoxia in adult Drosophila.
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Chapter 1
General Introduction: Hypoxia in Drosophila melanogaster
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1.1 Introduction
Hypoxia is defined as a reduction in the availability of oxygen and it can therefore result in a
mismatch between oxygen supply and normal oxygen demand. In coastal waters, hypoxia can
result from eutrophication which depletes dissolved oxygen (Bricker et al., 2008). This has
critical consequences for the ecosystem, causing loss of habitat and biodiversity, and it is one of
the most serious environmental issues today. Aquatic animals living in coastal waters, including
fish, turtles and oysters, can be exposed to hypoxia. Other animals such as diving birds and
mammals, hibernating mammals, and animals which live in burrows or at high altitude, routinely
experience hypoxia as well (Ramirez et al., 2007). With respect to humans, besides the fact that
millions of people live at high altitudes, thousands of visitors travel to mountainous areas, such
as the Andes and Himalayas, where the partial pressure of oxygen is only half to two-thirds the
partial pressure at sea level (Hochachka and Rupert, 2003). For animals including humans,
reduced oxygen levels put stress on the oxygen transport system and the disruption of oxygen
homeostasis may result in serious medical conditions such as cancer, myocardial and cerebral
ischemia, stroke, and chronic heart and lung diseases (Semenza, 2000). Therefore, it is critically
important to understand the mechanisms for oxygen sensing and for mitigating the effects of
hypoxia, which permit animals to survive in hypoxia.
The model organism Drosophila melanogaster has advantages for research including a short
life-span, a fully sequenced genome and effective genetic tools (Morgan, 1910; Prüßing et al.,
2013). Additionally, the well-described fly anatomy, its complex brain and nervous system, and
visual system, all position Drosophila as an extremely valuable experimental organism.
Important discoveries, such as genes and genetic techniques, have often been first elucidated in
flies before being translated to mammals. Therefore, Drosophila provides an excellent
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opportunity to investigate cellular mechanisms related to human pathology. It has also become
an attractive model to explore the genetic basis for the responses to hypoxia (Morton, 2004;
Morton and Vermehren-Schmaedick, 2007; Vermehren-Schmaedick et al., 2010; VermehrenSchmaedick et al., 2006). A convenient way of characterize behavioral responses to hypoxia is
to analyze locomotor performance, as described below.
There are two hypoxia responses: long-term adaptive changes and short-term behavioral
changes (Lopez-Barneo et al., 2001). Chronic hypoxia responses are mediated by the hypoxiainducible transcription factors (HIF) (Kaelin and Ratcliffe, 2008) while rapid hypoxia responses
require oxygen sensors to detect changes in oxygen levels and oxygen-operated ion channels
(Kaelin and Ratcliffe, 2008; Krnjevic and Leblond, 1989). So far, few studies have focused on
the genetic and molecular mechanisms underlying rapid hypoxia responses and only a small
number of oxygen-regulated ion channels have been discovered, including a voltage-dependent
K+ channel (Lopez-Barneo et al., 1988), and a Ca2+ and ATP-sensitive K+ channel in vertebrates
(Jiang and Haddad, 1994; Jiang et al., 1994), cyclic nucleotide-gated channels (CNG) tax-2 and
tax-4 in C. elegans (Chang et al., 2006; Gray et al., 2004; Zimmer et al., 2009), and a CNG
family member, the CNGA channel, in Drosophila larvae (Vermehren-Schmaedick et al., 2010).
cGMP modulates speed of the anoxic recovery of locomotion in adult flies (Xiao and
Robertson, 2017) and mediates the behavioral response to hypoxia in Drosophila larvae
(Vermehren-Schmaedick et al., 2010). CNG channels and cGMP protein kinase G (PKG) are two
downstream targets of cGMP. Flies with lower PKG levels have increased behavioral tolerance
to hypoxia and anoxia (Dawson-Scully et al., 2010; Spong et al., 2016). However, little is known
about whether the CNG channels can mediate responses to hypoxia in adult flies. With the
Drosophila model, I am interested in investigating the role of ion channels, especially a CNG
3

channel family member, the CNGL channel, in locomotor performance and the hypoxia-related
behaviors of adult flies.

1.2 Hypoxia in organisms
Hypoxia, which is a result of the limitation in available environmental oxygen followed by a
mismatch between oxygen supply and demand, is a critical stress in both environmental and
biomedical contexts (Semenza, 2000). From the environmental aspect, hypoxia results in
disturbance to ecosystems such as a decline in biodiversity, habitat degradation, reduced growth
and reproduction, forced migration, and disruption of life cycles (Rabalais et al., 2002; Service,
2004). From the biomedical aspect, hypoxia is important in the pathogenesis of several diseases
including cancer, heart disease, cerebral and myocardial ischemia, renal injury, and chronic lung
disease, which are major causes of mortality (Brezis and Rosen, 1995; Semenza, 2001). In
animals, anoxia, which refers to the complete lack of oxygen, occurs in extreme conditions
including drowning, suffocation, respiratory arrest and carbon monoxide inhalation (McQuillen,
1949). Animal brains have a high metabolic rate, however, they store little energy, leading to the
requirement of a continuous supply of oxygen and glucose (Bronshvag, 1978). Anoxic brain
injury is severe, and several minutes of anoxic exposure result in unconsciousness and even
death (Goldberg and Ellis, 1997). Therefore, animals need to respond to oxygen level changes to
tolerate hypoxia or anoxia and survive.
Insects have evolved an exceptional tolerance to hypoxia or anoxia. The median lethal time
in anoxia (LT50) of two insect larvae, Chironomus plumosis and Chironomus anthracinus, are
around 205 and 100 days, respectively, at 4 °C (Nagell and Landahl, 1978). At 25 °C, the larvae
of Cicindela togata tolerate anoxia with an LT50 of more than 3 days and a maximum survival
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time of more than 5 days. At 10 °C, they can survive anoxia for more than 10 days (Hoback et
al., 2000; Hoback et al., 1998). Locusta migratoria survive in anoxic atmospheres for around 6
hours at room temperature (Wu et al., 2002). Aside from the examples noted above, some insects
spend part of their life cycles under hypoxia and express remarkable adaptations to this
environment. These hypoxic habitats include the areas inside mammalian stomachs, inside fresh
dung and carrion, in sealed storage boxes, under ice cover, and in the soil especially during
flooding, etc. (Hoback and Stanley, 2001).
Aquatic animals that live in tropical fresh water, tide pools or on coral reefs, regularly
encounter hypoxic condition. This hypoxic environment is usually generated by the fast
consumption of low concentrations of soluble oxygen and the slow replenishment of oxygen in
the water by diffusion (Schmidt-Nielsen, 1997). Several aquatic animals such as fishes, turtles
and oysters, are tolerant to anoxia or hypoxia and are able to survive for prolonged periods. For
instance, the painted turtle (Chrysemys picta) has the capacity to survive anoxia for around four
months when they hibernate in winter (Jackson et al., 1984; Ultsch, 1985).
Some other animals besides insects and aquatic animals experience hypoxia as well. For
example, during dormancy, mammals such as arctic ground squirrels and hibernating rodents,
experience hypoxia and metabolism is suspended for weeks (Bullard et al., 1960; Ma et al.,
2005). Diving mammals such as elephant seals, emperor penguins and whales, experience
hypoxic conditions due to their aquatic lifestyles (Ponganis et al., 2011; Watkins et al., 1985).
Fossorial animals such as African naked mole-rats experience environmental hypoxia because
they live in large colonies in crowded underground spaces, which results in poor ventilation and
low O2 level (Brett, 1991). Regarding humans, millions of highlanders worldwide live at an
elevation over 2500 metres above sea level and thousands of visitors travel to high-altitude
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mountains each year. These people are similarly exposed to hypoxic environments (Hochachka
and Rupert, 2003; Hornbein and Schoene, 2001). In addition, exercise leads to internal hypoxia
and anaerobic metabolism. People with certain diseases, such as myocardial infraction and
stroke, may also experience a reduction in oxygen deliver. Mammals are very sensitive to
hypoxia and anoxia, and can only survive for up to two hours without breathing, which is
relatively short compared with the insects and aquatic animals that show extraordinary survival
time of days and months (Ramirez et al., 2007). In humans, severe hypoxia results in an acute
arrest of cerebral circulation and the loss of consciousness within five to ten seconds (Kabat and
Anderson, 1943).
Therefore, it is critical to understand the mechanisms for oxygen sensing and the mitigation
of the hypoxia effect, which allow animals including humans to survive in hypoxia.

1.3 Drosophila as an animal model for the study of hypoxia
Drosophila has four developmental stages, the embryo, the larva, the pupa, and the adult.
They each have their own specific advantages for research. For example, the embryo is used for
developmental studies and the larva is often used in studies related to development, physiology
and simple behaviors. Drosophila has a rapid life cycle. Hundreds of genetically identical
progeny can be produced within 10-12 days at room temperature. This is significantly shorter
than traditional rodent models which produce offspring only every 3-4 months.
It is estimated that the functional orthologs of around 75% of human disease-related genes
can be identified in Drosophila, which has significant functional similarities to higher organisms
(Lloyd and Taylor, 2010; Reiter et al., 2001). Therefore, it is a powerful genetic model for the
investigation of human diseases (Bier, 2005; Bilen and Bonini, 2005; Haddad and Ma, 2001;
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Hafen, 2004; Jacobs et al., 2004). The fly Gal4/UAS transgenic model system was developed in
1993 (Brand and Perrimon, 1993) and has been widely used since then. Several resource centers
have been established in conjunction with this technology, such as the Vienna Drosophila
Research Center and the Bloomington Drosophila Stock Center, in which a large number of
UAS-RNAi knockdown strains targeting 90 % of the entire fly genome has been collected
(Dietzl et al., 2007) as well as other UAS sequences fused to a transgene of choice (UAS-target
gene). Therefore, mutation, genetic inactivation or mis-expression of fly homologs of human
genes can be performed to help in understanding the biological, physiological and neurological
properties of humans.
Because no serious ethical issues have been raised so far when performing experiments in
insects, some researchers also claim that Drosophila is a more ethically acceptable animal model
than mammals for in vivo studies (Manev and Dimitrijevic, 2004). The use of Drosophila as an
appropriate experimental model for research could also enhance the rate of discovery with
reduced time and cost for animal maintenance (Pandey and Nichols, 2011; Scully and Bidochka,
2006).
Due to the advantages noted above, Drosophila has been widely used to investigate the
effects of hypoxia on physiology or behavior, and to explore the mechanisms underlying hypoxia
tolerance and the mitigation of the hypoxic effect (Morton, 2004; Morton and VermehrenSchmaedick, 2007; Vermehren-Schmaedick et al., 2010; Vermehren-Schmaedick et al., 2006).
Experimental results related to hypoxia or anoxia in Drosophila can be summarized as follows.
Adult flies can tolerate anoxia for several hours without tissue injury (Callier et al., 2015;
Haddad, 2006; Krishnan et al., 1997), and at extremely low oxygen tension (0.1 kPa) they reduce
metabolism around 10-fold relative to normoxia (Van Voorhies, 2009). During hypoxia, flies are
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able to minimize the mismatch between oxygen supply and demand by the reduction of their
oxygen consumption (Haddad et al., 1997a; Haddad et al., 1997b). The time taken for
Drosophila larvae to stop feeding and exit their food substrate is less than 2 min when exposed
to hypoxia (Vermehren-Schmaedick et al., 2010).

1.4 Two hypoxia responses
The ability to sense oxygen levels is critical for eliciting long-term changes and short-term
behavioral responses to hypoxia or anoxia (Lopez-Barneo et al., 2001). Prolonged or chronic
responses to hypoxia, such as hypoxia-induced gene expression, occur over a time frame of
minutes to hours and are mainly mediated by the conformational stabilization of hypoxiainducible factors (HIFs) (Hochachka and Rupert, 2003; Kaelin and Ratcliffe, 2008; Semenza,
2000). Several examples of the responses to chronic hypoxia are myocardial hypertrophy,
neovascularization, increased glycolytic enzyme mRNA or protein, pulmonary vascular
remodeling, and decreased potassium channel mRNA or protein (Semenza, 1999). On the other
hand, rapid behavioral and electrophysiological responses to hypoxia occur over a time scale of
seconds to minutes, and often involve the activation of oxygen sensors and oxygen-operated ion
channels (Kaelin and Ratcliffe, 2008; Krnjevic and Leblond, 1989). Examples include increased
cardiac output, systemic arterial vasodilation, increased glycolytic enzyme activity, pulmonary
arterial vasoconstriction, and decreased potassium channel activity (Semenza, 1999).

1.4.1 Chronic hypoxia responses and potential mechanisms
The HIFs are transcription factors that fall under the classification of the basic helix-loophelix (bHLH) superfamily (Jones, 2004). Helix-loop-helix (HLH) proteins are critical for
neurogenesis, myogenesis, sex determination, heart development, hematopoiesis, etc. (Murre et
8

al., 1994). They are regulator proteins that allow DNA binding, the dimerization between
different proteins, and the regulation of gene transcription including the hypoxia response
elements (HREs) (Murre et al., 1994).
HIFs include two subunits, an alpha (α) subunit and a beta (β) subunit. Only the α subunit
and not the β subunit is sensitive to oxygen levels (Chen et al., 2009; Jewell et al., 2001; Stroka
et al., 2001). Under normoxia, with the oxygen level ~21%, prolyl- 4-hyroxylases (PHDs) bind
to oxygen-sensing prolines of the α subunit, leading to the hydroxylation of the prolines. This is
followed by the binding of an ubiquitin ligase complex containing von Hippel–Lindau tumorsuppressor protein (VHL) and subsequent proteasomal degradation (Lee and Percy, 2011). Under
hypoxia, the prolines of the α subunit cannot be hydroxylated by PHDs and therefore, they
cannot be degraded by VHL complex. Instead, the α subunit is stabilized and accumulates, which
is followed by dimerization with the β subunit and translocation to the nucleus. The dimer then
binds and activates the transcription of several genes such as vascular endothelial growth factor
(VEGF), erythropoietin (EPO), and glucose transporter 1 (GLUT-1) (Lee and Percy, 2011).
HIF has three isoforms: HIF-1, HIF-2, and HIF-3. The α subunits of HIF-1 and HIF-2 have
similar functions and both have HREs (Ema et al., 1997; Tian et al., 1997). However, when HIF3α is co-expressed with HIF-1α and HIF-2α in tissues under hypoxia, HIF-3α presents negative
regulation of the gene expression mediated by HIF-1α and HIF-2α (Makino et al., 2001).
Therefore, only HIF-1α and HIF-2α isoforms are related to hypoxic induction, while HIF-3α is
usually not considered critical in the downstream regulation of gene transcription under hypoxia
(Pugh and Ratcliffe, 2003).
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1.4.2 Acute hypoxia responses and potential mechanisms
In vertebrates, several types of ion channels which operate in response to acute reduced O2
concentrations have been characterized (López-Barneo, 1996). The ﬁrst identiﬁed ion channel
for O2 sensing was the voltage-dependent K+ channel located in Type I chemoreceptor cells in
the mammalian carotid body (Lopez-Barneo et al., 1988). The carotid body is a peripheral
chemoreceptor with hemoxygenase-2 (HO-2) as the O2 sensor. Reduced oxygen levels in the
blood result in reduced activity of HO-2, followed by reduced generation of CO and inhibition of
the K+ channel (Kemp, 2005; Ortega-Sáenz et al., 2006). Such hypoxic stimuli lead to a 25-50 %
reduction of peak K+ current amplitude and ultimately initiate multiple changes in
cardiorespiratory physiology (Gonzalez et al., 1994; Lopez-Barneo et al., 1988; Lopez-Barneo et
al., 2008; Lopez-Barneo et al., 2001). In rabbits, an O2-sensitive K+ channel has been identified
in the neuroepithelial body isolated from the fetal lung. This channel is coupled to an O2-sensing
protein (nicotinamide adenine dinucleotide phosphate-oxidase, NADPH oxidase) and upon
exposure to hypoxia, a reversible reduction of outward K+ current is observed (Youngson et al.,
1993). Another O2-sensing channel, the O2-sensitive ATP-inhibitable K+ channel, has been
identified in neocortex and substantia nigra neurons in the rat central nervous system (CNS).
This channel is activated by hypoxia and involved in the initial transient increase of whole-cell
outward current followed by a pronounced decrease of this current upon O2 deprivation (Jiang
and Haddad, 1994; Jiang et al., 1994). Hypoxia may also alter the conductance of K+ via the
modulation of G-protein-coupled inward-rectifying K+ channels by neuromodulators such as
serotonin (Bayliss et al., 1994). In addition, hypoxia depresses the voltage-dependent, fastinactivating Na+ inward current in rat hippocampal CA1 neurons resulting in a decrease of
neuronal excitability (Cummins et al., 1991).
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In the nematode C. elegans, the identification of O2 sensors and ion channels responsible for
the acute hypoxia response received little attention until the studies related to CNG channels
(tax-2 and tax-4) and a group of atypical soluble guanylyl cyclases (sGCs) such as GCY-31, 33,
35 and 36 have been described (Chang et al., 2006; Gray et al., 2004; Zimmer et al., 2009). C.
elegans shows a strong behavioral preference for 5-10 % O2 and mutations in their sGC or CNG
channel genes result in alterations of O2 preference. Also, sGCs gcy-35 and gcy-36, which are
expressed in URX sensory neurons, are required for responses when the O2 level is increased.
However, sGCs gcy-31 and gcy-33, which are expressed in BAG sensory neurons, regulate the
responses to reduced O2 levels (Zimmer et al., 2009).
In Drosophila larvae, a few sGCs including Gyc88E, Gyc89Da and Gyc89Db are involved
in oxygen sensing and behavioral responses to hypoxia (Morton, 2004; Vermehren-Schmaedick
et al., 2010). When exposed to hypoxia, control wild-type larvae take less than 2 min before
stopping feeding and withdrawing from the food; this is defined as the hypoxia escape response.
Mutations in any of these sGC subunits, however, cause defective hypoxia escape responses and
the larvae take significantly longer to withdraw from food (Vermehren-Schmaedick et al., 2010).
Drosophila contains at least four CNG channel family members, including CNGA, CNG-like
(CNGL), CG3536 and CG17922 (Morton and Hudson, 2002), among which CNGA, rather than
the other three members, is responsible for the hypoxia escape response in larvae (VermehrenSchmaedick et al., 2010). The CNGA gene is similar to the vertebrate CNG3 and it encodes a
cGMP-sensitive homomeric ion channel (Baumann et al., 1994). However, the CNGL gene
product is similar to the mammalian CNG channel β-subunit and it forms a heteromeric channel
with similar sensitivity to cAMP and cGMP (Miyazu et al., 2000). CG3536 and CG17922 have
also been reported not to discriminate between cGMP and cAMP (Morton and Hudson, 2002).
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Down-regulation of cGMP-specific PDE promotes fast locomotor recovery from anoxia in
adult flies, indicating that cGMP regulates the speed of the anoxic recovery (Xiao and Robertson,
2017). cGMP also regulates the behavioral response to hypoxia in Drosophila larvae
(Vermehren-Schmaedick et al., 2010). There are several downstream targets of cGMP, such as
CNG channels and cGMP protein kinase G (PKG). Flies with lower PKG levels are more
resistant to anoxia and hypoxia, and they maintain brain activity in anoxia for longer time
(Dawson-Scully et al., 2010; Spong et al., 2016). However, whether CNG channels are also
involved in the anoxia or hypoxia response in adult flies is unclear. Anoxia causes a shutdown of
neural activities, physiological functions and metabolic rates. In hypoxia, however, the brain
continues to function, suggesting that it is feasible to investigate the role of CNG channels in
maintaining neural functions and regulating locomotor activities under hypoxic condition. So far,
little is known about a CNG channel family member, the CNGL channel, except that 1) it is
highly expressed in the optic lobe, central brain and thoracic ganglia (Miyazu et al., 2000); 2) it
is somehow involved in visual orientation memory (Kuntz et al., 2017); and 3) it is not involved
in the hypoxia escape response of Drosophila larvae (Vermehren-Schmaedick et al., 2010). The
role of CNGL channels in regulating the hypoxia response of adult flies was investigated in the
current study.

1.4.3 CO2 in hypoxia
Under normoxia, the partial pressure of CO2 regulates cerebral blood flow in mammals. CO2
reactivity refers to the degree of hypocapnic cerebral vasoconstriction or hypercapnic cerebral
vasodilation (Ogoh et al., 2014). The changes in arterial oxygen tension usually do not affect
cerebral vasculature tone, however, when the arterial oxygen tension drops below 60 mmHg,
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cerebral blood flow is increased by cerebral vasodilation (Gupta et al., 1997). In acute hypoxia,
the net cerebral blood flow response shows a balance between hypoxic cerebral vasodilation and
hypocapnic vasoconstriction (Teppema and Dahan, 2010), and CO2 reactivity may be reduced
while hypoxic vasodilation may be increased. On the other hand, chronic hypoxia such as the
ascent to high altitude, elevates the ventilatory CO2 sensitivity and reactivity, and increases the
cerebrovascular responsiveness to hypocapnia and hypercapnia. The changes in cerebrovascular
CO2 reactivity may be due to an acid-base balance (Fan et al., 2010). Whereas CO2 reactivity is
important in the mammalian response to hypoxia, the role of CO2 in the insect hypoxia response
is less clear (Greenlee and Harrison, 1998). Nevertheless, insects have CO2 sensors that allow
them to behave appropriately in response to environmental CO2 (Pan et al., 2017) and to modify
ventilatory motor pattern generation in response to hemolymph CO2 concentraion (Bustami et al.,
2002).

1.5 Experimental approaches for investigating mechanisms underlying hypoxia-related
behaviors
1.5.1 Genetics
w1118 flies as a control for genetically engineered flies
Several fly strains have been commonly used for fly research, including Canton-S and
w1118 flies. There are notable behavioral and physiological differences between these two fly
strains. Compared with w1118 flies, Canton-S flies have a stronger preference for walking on the
boundary and travel shorter distances per minute with lower 0.2 s path increments (equivalent to
the path length during one step of a single leg (Mendes et al., 2013)) in circular arenas (Xiao and
Robertson, 2015). In addition, Canton-S flies show faster recovery of locomotion after a transient
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anoxia compared with w1118 flies (Xiao and Robertson, 2016). The white eyes of w1118 are
due to the spontaneous partial deletion in the white gene (Bingham, 1980; Hazelrigg et al., 1984).
Mutation at the white locus in w1118 flies leads to retinal degeneration, neurodegenerative
phenotypes, and a reduced capacity for pigment deposition in compound eyes, ocelli pigment
cells, testes sheathes and larval Malpighian tubules (Campbell and Nash, 2001; Colley, 2012;
Hazelrigg, 1987; Krstic et al., 2013; Pérez et al., 2014; Pirrotta and Brockl, 1984; Schilman et al.,
2011). Despite the differences between Canton-S and w1118 flies, Canton-S is one of the most
commonly used wild-type fly lines while w1118 is often used as control fly line for genetic
manipulation due to its isogenic background convenient for genetic transformation and the white
eye as a distinctive marker (Cingolani et al., 2012; Platts et al., 2009).

The function of the white gene
The white gene encodes a member of the ATP-binding cassette (ABC) transporter
superfamily. It is an important eye pigmentation marker in fly genetics and is responsible for the
transportation of eye pigment precursors into pigment cells for pigment synthesis (Ewart et al.,
1994; Sullivan et al., 1980; Summers et al., 1982). cGMP and cAMP are transported into the
Malpighian tubules (Riegel et al., 1998), however, only the transport of cGMP, not cAMP,
requires white, suggesting that white is involved in the vesicular transepithelial transport of
cGMP (Evans et al., 2008). Besides its role in loading pigment granules in the eye, white is also
involved in the transport of biogenic amines (Borycz et al., 2005; Borycz et al., 2008). The
exposure to the volatile general anesthetics shows differences in behavioral performance
between wild-type flies and w1118 flies, suggesting that white contributes to neural activities
(Campbell and Nash, 2001). In addition, white mutants show diminished performance in spatial
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learning (Diegelmann et al., 2006). Compared with the wild-type male flies, the white-eyed
males were less successful in mating females, indicating reduced sexual discrimination in white
mutants (Sturtevant, 1915). Ectopic expression or intracellular mislocation of white induces
male-male courtship in flies (Anaka et al., 2008; Hing et al., 1996; Zhang and Odenwald, 1995),
however, the courtship preference for females is not reduced (Anaka et al., 2008; Nilsson et al.,
2000).

The function of ABC transporters
ABC transporter proteins use energy generated from ATP hydrolysis to transport substrate
molecules through the lipid bilayer (Schmitz et al., 2001). Each transporter protein consists of
two transmembrane domains and two nucleotide-binding domains (Hyde et al., 1990; Mount,
1987; Schmitz et al., 2001). Each of the transmembrane domains, also known as the hydrophobic
membrane-spanning domain, consists of five to six membrane-spanning alpha helices. It
recognizes multiple substrates and transports them across the membrane. The nucleotide-binding
domain, or the ATP-binding fold, is located in the cytoplasm and its sequence is highly
conserved. The transmembrane domains and nucleotide-binding domains can be present in one
protein, with the fusion of transmembrane domain and nucleotide-binding domain as a single
polypeptide chain (Mount, 1987; Schmitz et al., 2001). Alternatively, these elements can be split
between two polypeptides that dimerize. The ABC transporters not only transport pigment
precursors such as tryptophan and guanidine triphosphate, but also have a role in the transport of
endogenous substrates include inorganic anions, metal ions, peptides, amino acids, sugar, and
hydrophobic compounds (Evans et al., 2008; Nolte, 1952). In addition, ABC transporters are
involved in the movement of drugs and their metabolites across cell surface and organelle
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membranes (Vasiliou et al., 2009). Therefore, these transporters are likely targets for drug
therapy and critical in the transport of drugs such as cancer chemotherapeutics and chemicals in
food.

Gal4/UAS as fly transgenic model system
The Gal4/UAS system is designed for targeting gene expressing in Drosophila and it allows
the activation of a particular cloned gene in a tissue- or cell- specific pattern (Brand and
Perrimon, 1993). The system includes two parental strains. One of them has the yeast
transcriptional activator Gal4 to target the desired tissue or cell via genomic enhancers, and the
other one contains the Gal4 binding sites within its promoter upstream of the desired transgenic
element. Therefore, the first strain has the transcriptional activator while no target gene is
accessible, however, in the second strain, the gene of interest remains silent when then activator
is absent. After the two strains are mated, the progeny expresses the transgene in the specific
tissues and the effect of the mis-expression can be observed. Hence, one of the advantages of
using the Gal4/UAS system is that the target gene can be activated in various tissues or cells by
simply cross-breeding two strains of flies.

1.5.2 Locomotor assay
Animal behaviors, such as searching for food and shelter, are multi-factorial phenomena
which involve the interaction between nervous system and the environment (Bartumeus and
Levin, 2008; Martin, 2004). Locomotion is a critical component of animal behaviors (Crawley,
1985; Greenspan and Ferveur, 2000; Joiner et al., 2006; McGuire et al., 2005). Several
locomotor assays have been designed to focus only on the contribution of the nervous system
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and internal physiological states, and to reduce the effect of environmental factors by using
consistent laboratory conditions (i.e. illumination, temperature).

Locomotor assays
Several assays have been used to examine fly locomotion in the laboratory and to investigate
the roles of genes, internal state or external stimulation on fly locomotor activity. A method
called rapid iterative negative geotaxis (RING) examines climbing ability. In the RING assay,
negative geotaxis behavior is recorded by digital photography, and it is a sensitive and highthroughput approach (Gargano et al., 2005). Fly courtship behavior is assayed by transferring
one female and one male into a mating wheel chamber, and behaviors including orientation,
tapping, wing song, licking, curling and copulation are observed under the dissection microscope
(Nichols et al., 2012). To quantify social avoidance in flies, a robust assay has been designed in
which flies are placed in a T-maze and need to decide whether to avoid the Drosophila stress
odorant (Fernandez et al., 2014). In the social space assay, flies are first forced to form a tight
group in a two-dimensional chamber and then they settle down at their preferred distance from
the neighbours. By measuring the distance to the closest neighbors, fly social interactions can be
quantified (Simon et al., 2012). When analyzing aggression, flies are added to a fight chamber
and their fights are video-recorded. The encounters and behavioral patterns are then scored
(Certel and Kravitz, 2012).
Under some circumstances, the wings are cut so that flies cannot fly out of the arena and
only the walking behavior is examined (Branson et al., 2009; Colomb and Brembs, 2014;
Colomb et al., 2012). However, it is possible that this sort of manipulation could change a fly’s
innate locomotion and, due to the experimental stress, minor contributions from a single factor
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might be neglected. Therefore, suitable assays need to be developed to retain the innate
locomotion. For instance, it is appropriate to tether flies with a metal wire when observing the
extension of proboscis or the moving of a styrofoam ball, however, it is not suitable for
examining exploratory activity (Maimon et al., 2008; Seelig et al., 2010; van Swinderen, 2006).
In addition, some locomotor assay protocols require professional operating platforms or software
such as MATLAB, which are usually not freely available (Donelson et al., 2012; Kabra et al.,
2013).

Assay of locomotion in small circular arenas
Our laboratory has developed a protocol to analyze fly locomotion in circular arenas which
is optimal for the current project (Xiao and Robertson, 2015). A total of 128 flies can be loaded
in a single experiment for high-throughput analysis while each individual fly is also able to walk
freely without interference from other flies. This locomotor assay is also crucial and effective
when examining the recovery process from the motionless state to the walking state during and
after anoxia. Flight or jumping can be prevented by reducing the depth of the chamber rather
than cutting off the wings.
Additionally, a Webcam at high resolution is installed for video-recording. Fly tracking code
is written with the open source language, Open Computer Vision 2.0, which is free of charge and
can be installed in operating systems such as Windows. Therefore, fly positions from frame to
frame during a certain time period are tracked and high-throughput analysis is achievable.
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1.5.3 Electrophysiology
Extracellular field potential recording can be used to investigate the electrical potential
generated by cells, notably neurons. The electrical potential difference is measured between an
extracellular microelectrode in the CNS and a reference electrode. Changes in the extracellular
field potential can be used to infer changes in neural activation in the central nervous system.
With this technique, an abrupt negative shift in the extracellular direct current potential is
observed during spreading depolarization (Armstrong et al., 2011; Somjen, 2001; Spong et al.,
2016), indicating that this technique can be used to monitor ion homeostasis in the fly brain. A
brief exposure to hypoxia leads to a milder version of anoxic depolarization in brain tissue and
when re-oxygenation starts, extracellular ion concentrations as well as neuronal function recover
to the pre-hypoxia levels (Müller and Somjen, 2000).
To understand the contribution of specific ions to alterations in membrane potential,
extracellular ion concentrations can be recorded with ion-sensitive electrodes (Amzica et al.,
2002; Dietzel et al., 1982; Heinemann et al., 1977). Changes in the extracellular concentration of
K+ ions ([K+]o) play a critical role in regulating cell excitability (Baylor and Nicholls, 1969;
Grossman et al., 1979). This might be because the cell membrane potential is more sensitive to
small changes in [K+]o relative to other ions (Katz, 1966). Therefore, several studies have
focused on alterations of [K+]o. With the extracellular K+ recording technique, a rapid surge in
[K+]o level in the fly brain occurs during anoxic coma or spreading depolarization (Armstrong et
al., 2011; Spong et al., 2016). This change of [K+]o is associated with changes of other
extracellular ion concentrations. In the rat hippocampus during hypoxia, [K+]o increases from a
baseline of ~3-3.5 mM to ~50.0-60.0 mM and this is associated with a drop of the extracellular
concentration of Na+ ([Na+]o) (~150 mM to ~62 mM) (Müller and Somjen, 2000). In the rat
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hypoglossal nucleus under anoxia, [Na+]o decreases from ~150 mM to ~109 mM and the
extracellular concentration of Cl- ([Cl-]o) drops from ~128 mM to ~89 mM (Jiang et al., 1992).
Therefore, by using K+-sensitive electrodes, one aim of this thesis was to investigate the
contribution of CNGL channel to the electrophysiological response to hypoxia and the ability to
maintain ion homeostasis under hypoxia.

1.6 Thesis overview
One of the abiotic stresses that can significantly affect nervous system function is hypoxia.
Therefore, for animals to survive and reproduce, it is critical for them to detect and respond to
hypoxia. In the context of my PhD study, I am interested in investigating the modification of fly
locomotor performance, and the role of ion channels, especially the CNGL channel, in the
behavioral and neural responses to hypoxia in Drosophila adults.
The thesis contains three data chapters. The experiments preformed in Chapter 2 were
designed to study the effect of age on fly locomotor performance. Multiple parameters were
examined, including boundary preference, path length per minute and 0.2 s path increment
during locomotion in small circular arenas and the speed of locomotor recovery from anoxia. In
Chapter 3, the long-term environmental effect on fly locomotor activity was characterized and
neural plasticity in response to pulsed light stimulation was examined. The boundary preference,
the distance travelled in the arena and the extracellular electrical activity associated with a
centrally-generated motor pattern were compared before and after the light treatment. In chapter
4, one of the acute environmental effects, hypoxia, on fly locomotor activity was investigated.
The contribution of the CNGL channel to hypoxia-related behaviors in adult flies was examined
using techniques of locomotor assay and electrophysiology. Locomotor activity and/or CNS
extracellular potassium recordings were compared among CNGL mutant flies, CNGL
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knockdown flies and control flies. In addition, the interaction between CNGL and cGMP in
response to hypoxia was investigated as well by the overexpression of Gyc88E or the mutation
of Pde1c. A summary and discussion on the major findings together with future directions are
provided in Chapter 5.
Overall, my PhD research examined the effect of age and long-term environmental
stimulation on fly locomotor activity, as well as the involvement of CNGL channels in providing
hypoxia tolerance of locomotion in adult flies, and provides evidence on the mechanisms
underlying hypoxia-related behaviors.
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Chapter 2
Different age-dependent performance in Drosophila wild-type Canton-S and the white
mutant w1118 flies
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2.1 Abstract
Aging has significant effects on the locomotor performance of insects including Drosophila.
Using a protocol for the high-throughput analysis of fly locomotion in a restricted space, we reexamined age-dependent behavioral characteristics in adult Drosophila. There are multiple
important wild-type and background lines including the Canton-S strain and the w1118 strain,
which has a null mutation of the white gene. Under standard rearing conditions, we found similar
survival curves and median lifespans in Canton-S (50 days) and w1118 (54 days) strains,
however, w1118 flies maintained stable body mass for up to 43 days, whereas Canton-S flies
gained body mass at young age, followed by a gradual decline. We also tested the behavioral
performance of young and old flies. Compared with young w1118 flies (5-10 days), old w1118
flies (40-45 days) had an increased boundary preference during locomotion in small circular
arenas, and increased speed of locomotor recovery from anoxia. Old Canton-S files, however,
exhibited unchanged boundary preference and reduced recovery speed from anoxia relative to
young flies. In addition, old w1118 flies showed decreased path length per minute and reduced
0.2 s path increment compared with young flies, whereas old Canton-S flies displayed the same
path length per minute and the same 0.2 s path increment compared with young flies. We
conclude that age-dependent behavioral and physiological changes differ between Canton-S and
w1118 flies. These results illustrate that phenotypic differences between strains can change
qualitatively, as well as quantitatively, as the animals age.
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2.2 Introduction
The fruit fly, Drosophila melanogaster, is extensively used as an animal model in modern
biological sciences because of its remarkable adaptability in almost all habitats (Ayrinhac et al.,
2004; Stratman and Markow, 1998) with minor geographical genetic variation and
microevolution (David and Capy, 1988). More importantly, with its powerful accessibility to
genetic analysis, Drosophila is one of the most attractive model organisms to study neural
mechanisms and brain function. So far, various wild-type and genetically engineered
background fly strains have been described, among which Canton-S is one of the most used
wild-type fly lines while w1118 is often used as the appropriate control because it carries
isogenic background for convenient genetic transformations. Behavioral differences have been
found between Canton-S and w1118 strains at a young age, however, whether the differences
persist into their old age is still unclear.
The Canton-S strain was first established by Bridges from wild flies collected from Canton,
Ohio in the 1920s (Stern, 1943; Stern and Schaeffer, 1943). Later, it was studied by Benzer due
to its rapid phototaxis, and subsequently was used as a control strain in neurogenetics research
(Benzer, 1967). The w1118 strain originates from the wild-collected Oregon-R strain rather than
the Canton-S strain. The w1118 strain contains a spontaneous partial deletion in the white gene,
resulting in white eyes (Bingham, 1980; Hazelrigg et al., 1984). The white gene, present on the X
chromosome of Drosophila (Lefevre and Wilkins, 1966) and discovered more than a hundred
years ago (Morgan, 1910), encodes a member of the ATP-binding cassette transporter (ABC)
transporter superfamily (Allikmets et al., 1998) and is responsible for the transportation of eye
pigment precursors, guanine and tryptophan, into pigment cells for pigment synthesis during
pupation (Ewart et al., 1994; Sullivan et al., 1980; Summers et al., 1982). The chromosomes in
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Canton-S flies are polygenic. In contrast, the first chromosome except for the white locus, second
and third chromosomes are isogenic in w1118 flies (Cingolani et al., 2012; Platts et al., 2009),
and the cytoplasmic background is different in Canton-S and w1118 flies (Greenspan and Hafen,
1997).
The w1118 strain is commonly used as the genetic background to generate P-element
insertion lines including the widely-used GAL4/UAS system (Duffy, 2002; Kain et al., 2012).
However, mutations at the white locus in w1118 result in decreased capacity for the deposition of
pigment in compound eyes, ocelli pigment cells, testes sheathes and larval Malpighian tubules
(Hazelrigg, 1987; Pirrotta and Brockl, 1984). In addition, neurobiological roles of the white gene
have been discovered, such as the control of male-male courtship (Zhang and Odenwald, 1995)
and anesthetic sensitivity (Campbell and Nash, 2001). Besides being associated with retinal
degeneration, the w1118 strain also exhibits neurodegenerative phenotypes such as poor place
memory and climbing ability (Campbell and Nash, 2001; Colley, 2012; Krstic et al., 2013; Pérez
et al., 2014; Schilman et al., 2011). The fly strains, including w1118, used in those studies were
within the age range of 0-10 days and underwent multiple experiments such as distribution assay,
courtship assay and memory test.
Age-related behavioral decline is common in many organisms. Invertebrates such as C.
elegans, have reduced movement towards bacterial food as they age (Glenn et al., 2004; Hosono,
1978). This decline of movement is related to muscle deterioration (Fisher, 2004) and could be
delayed by the loss-of-function mutations in genes such as daf-2 and age-1 (Glenn et al., 2004;
Huang et al., 2004; Murakami et al., 2005). The spider Zygiella x-notata builds orb-webs with
decreased length of capture spiral and reduced parallelism of silk thread with age (Anotaux et al.,
2012). In addition, Blaberus discoidalis cockroaches have a decreased spontaneous locomotion
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with increasing age (Ridgel et al., 2003). The 60-week-old adult cockroaches reduce walking
speed to half of the level of 1-week-old ones (Ridgel et al., 2003). In addition, age-related
reduction of activity is observed in vertebrates as well, such as mice (Ingram et al., 1981; Sprott
and Eleftheriou, 1974), rats (Barrett and Ray, 1970; Wallace et al., 1980) and humans (Caspersen
et al., 2000; Sallis, 2000). With regard to flies, young ones move away from a release point more
often than old ones, and walking and flying frequencies in Drosophila decrease with increasing
age (Carey et al., 2006; Le Bourg, 1983). This is likely due to the increased sensitivity to
oxidative stress as flies age, and the inability to resist oxidative stress in old age (Amdam and
Omholt, 2002; Golden et al., 2002). In houseflies Musca domestica, flight behavior could shorten
lifespan by accelerating age-related oxidative damage (Yan and Sohal, 2000). Old flies also have
reduced negative geotaxis and mating success (Gargano et al., 2005b; Miquel et al., 1976).
Different Drosophila strains behave differently (Colomb and Brembs, 2014; Faville et al.,
2015; Ruebenbauer et al., 2008; Walcourt and Nash, 2000) and behavioral aging is also strainspecific. Drosophila wild-type Oregon-R has a longer lifespan and later onset of locomotion
deterioration than wild-type Canton-S (Ganetzky and Flanagan, 1978). Therefore, it is possible
that age-related changes in behavioral performance differ between fly strains, including CantonS and w1118 flies. We have previously described obvious behavioral and neural differences
between Canton-S and w1118 strains at a young age. At 4-9 days old, compared with w1118
flies, Canton-S flies show a higher boundary preference, shorter travel distance per minute and
lower 0.2 s path increments in small circular arenas (Xiao and Robertson, 2015). Locomotion of
Canton-S flies recovers faster from a transient anoxia than that of w1118 (Xiao and Robertson,
2016). The current study was designed to determine whether such differences persist into old
age, and whether behavioral aging was different in these two strains. If behavioral aging is
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strain-dependent as hypothesized, it suggests that the choice of fly strains for aging studies needs
careful consideration.

2.3 Materials and Methods
2.3.1 Flies
Wildtype Canton-S (Bloomington stock center) and mutant w1118 strains (L. Seroude
laboratory, Queen’s University) were raised with standard medium (0.01 % molasses, 8.2 %
cornmeal, 3.4 % killed yeast, 0.94 % agar, 0.18 % benzoic acid, 0.66 % propionic acid) at room
temperature 21-23 °C and 60-70% humidity. A 12h/12 h light/dark cycle was provided by three
light bulbs (Philips 13 W compact fluorescent energy saver) with lights on at 7 a.m. and off at 7
p.m. Male flies were collected within 2 days after eclosion for these experiments: (1) lifespan,
(2) body weight measurement, (3) locomotor assay. Male flies were selected in this study to
avoid complications due to egg production in female flies and to be consistent with previous
results published in our laboratory. Flies for the locomotor assay and the recovery from anoxia
experiments were raised for at least 3 days free of nitrogen paralysis before experiments. All
experiments were performed between 10 am and 4 pm during the photophase. Flies were
transferred into fresh food vials every 4 days.
Male Canton-S and w1118 flies were collected and raised in vials (20-30 flies per vial).
Flies were continuously transferred to fresh food vials once every 3-4 days. The survival
dynamics of Canton-S and w1118 male flies were investigated starting on Day 1. The deaths of
flies were recorded every 1-2 days. Flies were considered to be dead when neither voluntary
movement nor responses to external stimulation could be observed. The lifespan measurement
was replicated four times. Each lifespan cohort contained 60-120 flies for each genotype.
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Flies were raised in 3 vials for each strain. We weighed wet mass (fresh mass) of all the live
flies together from each vial and calculated the average mass per fly for each vial. Therefore,
three independent measures were taken at each time point for each strain. Body mass during
aging was measured once every four days starting at Day 3 post-ecdysis using a Denver
Instrument SI-234 balance (accuracy 0.1 mg).
Flies for body weight measurement and flies for the lifespan study were collected at the
same time and raised under the same conditions.

2.3.2 Locomotor assay
Flies were tested either on Days 5-10 (d5-10, defined as “young”) or Days 40-45 (d40-45,
defined as “old”) as indicated in the results section. The locomotor assay was conducted using a
previously described protocol (Qiu et al., 2016; Xiao and Robertson, 2015). Individual flies were
restrained in a circular arena (1.27 cm in diameter and 0.3 cm in depth). Locomotion was videocaptured and analyzed with scripts written using Open Computer Vision 2.0 (OpenCV2.0). A
30 s anoxia treatment (delivery of pure nitrogen gas) at the desired time was applied in some
experiments. To offset the potential bias in locomotor assay, the orders of fly strains loaded in
the small chambers were alternated in each trial. Usually no flies were loaded in the first and last
columns due to the potential heat generated at the corners of the platform.
After a 5 min adaptation period in the arena, locomotor parameters including percent time
on perimeter (% TOP) over a period of 60 s, 0.2 s path increments, and travel distance within
first 60 s were examined between different groups of flies. % TOP per min has been shown to be
maintained at steady levels without decline for five consecutive minutes (Xiao and Robertson,
2015), indicating that the selection of the first 60 s for evaluating % TOP, 0.2 s path increments
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and travel distance could all be considered to represent the behavior of a period within at least
five minutes. The sample sizes for Canton-S and w1118 flies at young or old ages are shown in
the results section.

2.3.3 Statistics
Survivorship and lifespan data were calculated based on the number of deaths and analyzed
using Log-rank (Mantel-Cox) Test in Prism version 5.0 set for survival curve algorithm. Twoway ANOVA with Bonferroni post test (2wAN) was conducted for analyzing body mass data
over age in two strains. For the locomotor assay, statistical analysis was performed using Prism
version 5.0 (GraphPad Software, San Diego, CA). D’Agostino & Pearson omnibus normality test
was carried out to examine data distribution. % TOP, 60 s path length and median 0.2 s path
increment of two strains were box-plotted and examined with Mann-Whitney test (MW). A
sigmoidal function with variable slope was applied for curve-fitting of path length per minute
during recovery from anoxia. The slope and time to half recovery were derived from sigmoidal
curve-fitting. Percent recovery was calculated by the equation: % recovery = 100 % × (maximal
path length per minute during 60 min recovery) / (average path length per minute before anoxia).
A P < 0.05 is considered statistically significant.

2.4 Results
2.4.1 Lifespan in Canton-S and w1118 flies
The longevity of Canton-S and w1118 flies was examined under standard rearing conditions.
Both Canton-S and w1118 strains demonstrated a lag period before entering an exponential death
phase with median lifespans of 50 (n=64) and 54 days (n=81), respectively, indicating similar
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lifespans of Canton-S and w1118 strains (Log-rank Test, P > 0.05) (Figure 2.1A). Repeated
experiments showed consistently that there was no difference between the two strains under
these conditions. This indicates that Days 5-10 or Days 40-45 selected in the locomotor assay
would be the same physiological age in Canton-S and w1118 strains.

2.4.2 Body mass with age in Canton-S and w1118 flies
In order to understand the basic physiological changes with age, the body mass was
investigated between these two strains throughout the lifespan (Figure 2.1B). The fresh mass per
fly at Day 3 was the same in male Canton-S and male w1118 (P > 0.05, 2wAN). At Day 19,
fresh mass per fly in Canton-S was higher than that of w1118 males (P < 0.01, 2wAN). Fresh
mass per fly of Canton-S males was lower than w1118 males at Day 35 and Day 43 (P < 0.01 or
0.001, respectively, 2wAN). Clearly, Canton-S flies displayed a gradual gain of body mass
before 20 days, and a decline after. In contrast, fresh mass per fly in w1118 males was relatively
stable throughout 3-44 days. Therefore, the dynamic changes of body mass were different
between Canton-S and w1118 males.

2.4.3 Age-related increase of boundary preference during locomotion in w1118 flies
To examine locomotor performance with age, we analyzed the boundary preference of young
and old flies in the circular arenas. Young Canton-S flies walked in the perimeter of the arena for
most of the time. The boundary preference during locomotion was highly consistent from fly to
fly (Figure 2.2A). The perimeter preference and the consistency between individuals were
largely retained in old Canton-S flies. Young w1118 flies, however, walked and turned actively
in the arenas. Each fly showed a preference for staying on the perimeter and also a high
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Figure 2.1 Longevity and body weight of Canton-S and w1118 flies.
(A) Survival dynamics of Canton-S (red) and w1118 (blue) strains. (B) Mean body weight ±
SEM over time of Canton-S (red circle) and w1118 flies (blue square). Asterisks ** or *** P <
0.01 or 0.001, respectively, two-way ANOVA with Bonferroni post-hoc test.
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Figure 2.2 Age-dependent changes of % TOP in Canton-S and w1118 flies.
(A) Locomotor trajectories in the circular arenas for four representative flies at young (5-10 d)
and old (40-45 d) age. Each circle represents an arena (1.27cm diameter). Dots indicate fly
positions (calculated centers of mass) and the connecting lines show the trajectories during 20 s
of locomotion for Canton-S and w1118 flies at young and old ages. Positions are calculated once
per 0.2 second. (B) % TOP in Canton-S and w1118 flies at young and old ages. *** P < 0.001,
Mann-Whitney test.
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probability of crossing the central region of the arena (Figure 2.2A). In contrast, old w1118 flies
increased their preference for the perimeter during locomotion, and reduced the probability of
moving in the central area. The age-related change appeared to be common in w1118 males.
Within 60 s, % TOP in young Canton-S flies (n=13) was similar to old Canton-S flies (n=7)
(P > 0.05, MW) (Figure 2.2B). However, % TOP in old w1118 flies (n=11) was significantly
higher than that in young w1118 flies (n=8) (P < 0.001, MW). Therefore, the boundary
preference remained stable between young and old Canton-S flies, whereas it increased in w1118
old flies compared with young flies.

2.4.4 Age-related locomotor recovery from anoxia in Canton-S and w1118
With an anoxia treatment, the time to locomotor recovery is different between Canton-S and
w1118 males at young age (Xiao and Robertson, 2016). We asked whether there was an agerelated change of locomotor recovery from anoxia in each strain, and whether the change was
common in two different strains.
During anoxia, flies were quickly knocked down. The recovery of locomotion after anoxia
displayed a dynamics that could be nicely fitted by a sigmoidal function. Old Canton-S flies
(n=12) displayed slower recovery speed, longer time to half recovery but higher % recovery of
locomotion compared with young Canton-S flies (n=16) (Figure 2.3A). In contrast, old w1118
flies (n=13) displayed faster recovery speed, shorter time to half recovery, and higher % recovery
of locomotion compared with young w1118 flies (n=14) (Figure 2.3A).
Locomotion before anoxia was also analyzed. Old w1118 flies (n=13) traveled markedly
shorter distances than young ones (n=14) (P < 0.0001, MW) (Figure 2.3B). The travel distance
was the same in Canton-S young and old flies (n=16 and 12, respectively) (P > 0.05, MW).
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Figure 2.3 Age-related locomotor recovery from anoxia in Canton-S and w1118.
(A) Locomotor activities with a 30 s anoxia (start indicated with blue arrows) in Canton-S and
w1118 flies. Both young (5-10 d) and old (40 - 45 d) flies were tested. Path length during
recovery was fitted with a sigmoidal curve. Horizontal lines represent mean path length per
minute before anoxia. (B) 60 s path length in Canton-S and w1118 at young and old ages. *** P
< 0.001, Mann-Whitney test.
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Thus, w1118 but not Canton-S displayed an age-related reduced travel distances without anoxia.

2.4.5 Age-related changes of 0.2 s path increments in Canton-S and w118 flies
We examined locomotor performance by comparing 0.2 s path increments in young and old
flies of both strains. This parameter is equivalent to average step distance of a single leg a body
speed around 40 - 50 cm/min (Mendes et al., 2013; Xiao and Robertson, 2015). Canton-S young
flies walked in a relatively steady 0.2 s path increment during the 300 s locomotion. Canton-S
old flies walked with similar 0.2 s path increment but had an increase of pausing or stopping
compared with young flies (Figure 2.4A). There was no statistical difference of median 0.2 s
path increment between young and old Canton-S males (P > 0.05, MW) (Figure 2.4B).
Unlike the Canton-S flies with steady 0.2 s path increment, both w1118 young and old
individuals showed large variance (Figure 2.4A). Old w1118 males also showed greatly reduced
median 0.2 s path increment compared with young files. These data provided detailed age-related
changes of median 0.2 s path increment to support the earlier observation of reduced 60 s path
length in w1118 old flies (see Figure 2.3B). Clearly, median 0.2 s path increment was lower in
old w1118 males than young males (P < 0.01, MW) (Figure 2.4B).

2.5 Discussion
Our general conclusion is that aging differed markedly in Canton-S and w1118 flies, not
only for body mass, but also at the level of behavioral performance. w1118 males maintained
consistent body mass for up to 43 days, however Canton-S flies gained body mass at young age,
followed by a gradual decline. In the locomotor assay, old w1118 flies had increased boundary
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Figure 2.4 0.2 s path increments in Canton-S and w1118 flies.
(A) Distances travelled every 0.2 s are plotted during 60 s of locomotion for four representative
flies at young (5-10 d) and old (40-45 d) ages. (B) 0.2 s path increments in Canton-S and w1118
flies at young and old ages. ** P < 0.01, Mann-Whitney test.
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preference, faster recovery speed from anoxia as well as decreased travel distance per minute and
median 0.2 s path increment compared with young w1118 flies. However, old Canton-S flies
displayed unchanged boundary preference, reduced recovery speed from anoxia, similar path
length per minute and similar 0.2 s path increment relative to young ones. Thus, these two fly
strains exhibit different behavioral aging.
The alfalfa leaf-cutting bee, Megachile rotundata, reduces allocation to developmental
processes and reproduction as their body mass decreases (Abdelrahman et al., 2014), resulting in
poor performance (Scheiner, 2012). We hypothesize that the difference of the body mass over
time might explain why the behavioral changes differed in Canton-S and w1118 flies across the
age. In addition, Oregon-R flies also gain body mass before losing it (Gill et al., 2015), which is
consistent with the body mass trend of Canton-S flies in the current study. Resistance to
desiccation decreases with age in Drosophila melanogaster, suggesting an age-related decline in
water balance (Gibbs and Markow, 2001). The body mass measured in the current study was wet
mass rather than dry mass. w1118 flies may have a better ability to maintain water homeostasis
over age compared with Canton-S flies, which might indicate a stable metabolic rate in w1118
flies (Hoffmann and Parsons, 1989a, b). The body mass was only measured until Day 43,
because some flies had already died on Day 43. Although w1118 flies maintained body mass
before Day 43, it is still unclear whether w1118 flies would maintain body mass throughout the
lifespan (after Day 43).
Wild-type flies exhibit a boundary preference in square or circular arenas (Colomb et al.,
2012; Ewing, 1963; Liu et al., 2007; Martin, 2004; Soibam et al., 2012; Valente et al., 2007;
Xiao and Robertson, 2015) and travel more slowly with less variation in speed (Xiao and
Robertson, 2015). Compared with young w1118 flies, old w1118 flies displayed improved
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boundary preference and were likely more focused on the exploratory task by spending more
time on perimeter. In the open field test, Tenascin-R-deficient mice, which have a severe motor
coordination deficit, spend shorter time on the edge than in the central area, indicating that
increased boundary preference requires a high degree of motor coordination (Montag-Sallaz and
Montag, 2003). Therefore, the improved boundary preference in old w1118 flies might suggest
an enhanced motor coordination compared with young w1118 flies.
Young w1118 flies tended to move faster than young Canton-S flies to cross the circular
arena. This faster travel speed may be due to the reduced amount of serotonin and dopamine in
the heads of w1118 flies, which are neurotransmitters associated with locomotor performance
(Borycz et al., 2008; Chen et al., 2013; Lebestky et al., 2009; Riemensperger et al., 2013;
Sitaraman et al., 2008). Serotonin and dopamine decrease with age (Luine et al., 1990). It
suggests that old flies might display an increased travel distance and step size compared with
young ones. However, old w1118 flies showed a decreased step size and travel distance relative
to young w1118 ones. It indicates that the reduced travel distance in old w1118 flies might be
attributable to other mechanisms which outweigh the changes of serotonin and dopamine levels.
However, to the best of our knowledge, such mechanisms are still unclear.
Our investigation also sheds light on how anoxia tolerance could be affected by fly age and
fly strain as well. w1118 flies showed faster recovery speed from anoxia with aging, however,
Canton-S old flies showed the opposite trend. It is possible that the faster recovery speed in old
w1118 flies is due to a reduced metabolic rate, which could result in a reduced metabolic
disturbance resulting from the coma (Schilman et al., 2011). It is interesting to note that one
previous study showed that w1118 old flies have a delayed recovery after submersion (wet
anoxia) at 23 °C compared with young ones (Benasayag-Meszaros et al., 2015), which is not
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consistent with our findings shown here. There are critical differences in the experimental set-up.
One important difference was that flies were exposed to pure N2 in the current experiment
whereas wet anoxia was used in their study without removing oxygen from water. Therefore,
there is a possibility that the oxygen in the water leads to a hypoxic environment rather than an
anoxic environment, and this might contribute to the different recovery trends in w1118 flies
across the age between our gaseous and their submersion protocols.
Differences in behavioral performance and neuron function between Canton-S and w1118
strains are obvious at a young age. The current study expanded the age range and demonstrated
different age-related changes in body mass, behavioral performance and neural function.
However, whether the age-related differences between Canton-S and w1118 strains are related to
the white gene or the different genetic backgrounds in Canton-S and w1118 flies is still unclear,
although it is established that the white gene does influence locomotor recovery from anoxia
(Xiao and Robertson, 2016).
This investigation is limited by focusing on only two fly strains, which was a consequence
of building on previous studies using these two strains. Nevertheless, it is clear that differences
in behavioral performance and neural function between Canton-S and w1118 flies persist into
their old age. Moreover, it is striking that the quality of the differences, rather than just the
magnitude, is dependent on the age at which the flies are tested. The general implication is that
phenotypic differences between strains cannot be considered to be constant and can vary
considerably as the animals age. Thus, due to the marked difference between Canton-S and
w1118 strains during aging, whether they could both be considered as ideal models for studies of
fly aging is unclear at present and the issue deserves further attention.
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Chapter 3
Pulsed light stimulation increases boundary preference and periodicity of episodic motor
activity in Drosophila melanogaster
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3.1 Abstract
There is considerable interest in the therapeutic benefits of long-term sensory stimulation for
improving cognitive abilities and motor performance of stroke patients. The rationale is that such
stimulation would activate mechanisms of neural plasticity to promote enhanced coordination
and associated circuit functions. Experimental approaches to characterize such mechanisms are
needed. Drosophila melanogaster is one of the most attractive model organisms to investigate
neural mechanisms responsible for stimulation-induced behaviors with its powerful accessibility
to genetic analysis. In this study, the effect of chronic sensory stimulation (pulsed light
stimulation) on motor activity in w1118 flies was investigated. Flies were exposed to a chronic
pulsed light stimulation protocol prior to testing their performance in a standard locomotion
assay. Flies responded to pulsed light stimulation with increased boundary preference and travel
distance in a circular arena. In addition, pulsed light stimulation increased the power of
extracellular electrical activity, leading to the enhancement of periodic electrical activity which
was associated with a centrally-generated motor pattern (struggling behavior). In contrast, such
periodic events were largely missing in w1118 flies without pulsed light treatment. These data
suggest that the sensory stimulation induced a response in motor activity associated with the
modifications of electrical activity in the central nervous system (CNS). Finally, without pulsed
light treatment, the wild-type genetic background was associated with the occurrence of the
periodic activity in wild-type Canton-S (CS) flies, and w+ modulated the consistency of
periodicity. We conclude that pulsed light stimulation modifies behavioral and
electrophysiological activities in w1118 flies. These data provide a foundation for future research
on the genetic mechanisms of neural plasticity underlying such behavioral modification.
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3.2 Introduction
Neuroplasticity is the ability of the brain to adapt to, or to be modified by, environmental
stress, injury or trainings (Johansson, 2004; Nithianantharajah and Hannan, 2006; Pascual-Leone
et al., 2005; Seitz et al., 1995). Sensorimotor dysfunctions caused by cerebral impairment have
many physiological and mental complications, which are ideal for the evaluation of brain
plasticity. Several motor rehabilitation techniques have been developed, such as constraintinduced movement therapy (CIMT), in which task-specific training is applied to the paretic hand
to force neural reorganization and improve motor function (Taub et al., 1999). Recently, many
attempts have been focused on therapeutic effects of repetitive stimulation. It has been shown
that repetitive stimulation has positive effects on motor activity and cognitive abilities in healthy
subjects (Dinse et al., 2011; Dinse et al., 2005; Dinse et al., 2006), and also patients with chronic
stroke (Johansson et al., 1993; Smith et al., 2009) or cerebral lesions (Kattenstroth et al., 2012) .
However, the detailed mechanisms underlying the mitigation of brain damage by repetitive
stimulation are still elusive. Understanding these mechanisms would consolidate the procedures
and their future application in promoting brain recovery.
Drosophila melanogaster exhibits extensive behavioral plasticity. Several fly models of
genetic diseases and neurodegenerative disorders have been established, such as for Parkinson's
disease (Auluck et al., 2002), Huntington's disease (Steffan et al., 2001), and Alzheimer’s disease
(Iijima et al., 2004). These models are proven to be important tools for identification of novel
genes and molecules as therapeutic targets. In addition, flies provide an ideal model to study cell
apoptosis (Richardson and Kumar, 2002), immune responses (De Gregorio et al., 2002), sleep
(Koh et al., 2008), and pharmacological screens (Chang et al., 2008; Pollitt et al., 2003). With its
powerful accessibility to genetic analysis, Drosophila is also one of the most outstanding animal
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models to study brain functions (Marsh and Thompson, 2006). Flies can be trained to improve
behavioral performance including learning, courtship, memory, and odor avoidance (Griffith and
Ejima, 2009; Quinn et al., 1974; Ramdya et al., 2015; Saleem et al., 2014). The training approach
can use odor, heat, electrical stimulation, or a single touch of an appendage between flies
(Pitman et al., 2009; Putz and Heisenberg, 2002; Quinn et al., 1974; Ramdya et al., 2015). Such a
strong plasticity in the fly offers great opportunities to explore the contributions of candidate
genes to the development of motor and neural adaptations by external repetitive stimulations.
The effect of chronic sensory stimulation on motor activity in the animal model of
Drosophila was examined because of the potential to use rapid molecular genetic techniques for
investigating mechanisms underlying how stimulation facilitates recovery from brain injury.
w1118 flies, which are widely used as an isogenic background for producing transgenic flies,
have a null mutation of the white gene and have a number of locomotor, neurological and
cognitive abnormalities or alterations (Campbell and Nash, 2001; Colley, 2012; Krstic et al.,
2013; Pérez et al., 2014; Sitaraman et al., 2008). w1118 flies display locomotor impairment with
reduced boundary preference compared with wild type Canton-S flies, however, this impairment
is unlikely associated with white mutation (Xiao and Robertson, 2015). In Drosophila, sensory
inputs can induce coherent potential waves in the brain (Paulk et al., 2015; Prieto-Godino and de
Polavieja, 2010; Tanaka et al., 2009; van Swinderen and Greenspan, 2003) and in this study, a
pulsed light stimulation protocol was established based on the fact that w1118 lack eye
pigmentation and their photoreceptors receive around 19 times more light than those of wild-type
flies (Hengstenberg and Götz, 1967; Krstic et al., 2013). This would enhance the effect of the
stimulation and could result in more effective plasticity.
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We examined the effects of pulsed light stimulation on w1118 flies at both the level of
behavior and the level of electrical activity which was associated with a centrally-generated
motor pattern. The motor activity in a locomotor assay was investigated by measuring the
boundary preference and distance travelled in a circular arena. The effects of stimulation on the
electrical activity associated with the centrally-generated struggling motor pattern were
examined by measuring the power of extracellular electrical activity. Also, without pulsed light
treatment, the mechanism of the periodic electrical activity associated with the centrallygenerated motor pattern which occurred in wild type Canton-S flies was investigated as well.

3.3 Materials and Methods
3.3.1 Flies
Wildtype Canton-S (Bloomington stock center) and mutant w1118 strains (L. Seroude
laboratory, Queen’s University) used for the study were raised with standard medium (0.01 %
molasses, 8.2 % cornmeal, 3.4 % killed yeast, 0.94 % agar, 0.18 % benzoic acid, 0.66 %
propionic acid) at room temperature 21-23 °C, 60-70% humidity. A 12h/12 h light/dark cycle
was provided by three light bulbs (Philips 13 W compact fluorescent energy saver) with lights on
at 7 am and off at 7 pm. Male flies were collected within 2 days after eclosion and raised for at
least 3 days free of nitrogen paralysis before the recording and locomotor assay. All experiments
were performed between 10 am and 4 pm during the daytime.
Progeny flies (F1 and F10) were prepared by single cross or serial backcrossing between
Canton-S and w1118 as described previously (Xiao and Robertson, 2015). Briefly, for generating
F10, a male Canton-S or w1118 was initially crossed into w1118 or Canton-S virgin females to
have two different white alleles (w+ and w1118) in first generation (F1) heterozygous flies. These
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females were then backcrossed with w1118 or Canton-S strain for nine consecutive generations.
Two resulting fly lines were established: w+ (w1118), which were red-eyed and carried the w+
allele in isogenic first chromosome together with isogenic second and third chromosomes, with
the w1118 cytoplasmic background; and w1118 (CS), which were white-eyed and carried the w1118
allele in wildtype first chromosome together with wildtype second and third chromosomes, with
the wildtype cytoplasmic background.

3.3.2 Pulsed light stimulation
Groups of w1118 flies were subjected to pulsed light stimulation (continuous cycles of 5 s
ON – 15 s OFF) of white light (Rxment® 5050 SMD LED light strip) during the 12 h daytime,
followed by 12 h dark for entire life cycle. They were then collected within 2 days after
emergence and raised for four additional days free of anoxic exposure in the pulsed/dark
condition. Before loading the flies into the arenas and starting the experiments, a period of 1 h
was allowed for the pulsed flies to adapt to the experimental conditions.

3.3.3 Locomotor assay
Based on a previously described protocol, the locomotor assay was conducted at room
temperature 21-23 °C by using a white light box (Logan portaview slide/transparency viewer)
with a 5000 K color-corrected fluorescent lamp (Xiao and Robertson, 2015). Individual flies
were restrained in a circular arena (1.27 cm in diameter and 0.3 cm in depth). The locomotion
was video-captured and analyzed with written scripts using Open Computer Vision 2.0
(OpenCV2.0). After a 5 min adaptation in the arena, the locomotor parameters including percent
time on perimeter (% TOP) over a period of 60 s, travel distance within first 20 s and 0.2 s path
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increments were examined between different groups of flies. It has been shown that % TOP per
min is maintained at steady levels without decline for five consecutive minutes (Xiao and
Robertson, 2015), indicating that the selection of first 60 s for evaluating % TOP or 20 s to
calculate travel distance and 0.2 s path increments could all be considered to represent long-term
behavior.

3.3.4 Electrophysiology
Extracellular recording was performed during the daytime (10 am to 4 pm) under regular
light illumination. An individual fly was secured in a trimmed pipette tip (200 µl) with head
exposed while the thorax and abdomen were restrained inside the tip. A small amount of wax
was applied underneath the head to limit its movement. An incision along the dorsal ridge
between compound eyes was made to allow a glass electrode filled with 1 M potassium acetate
(5-10 megaohms) to be inserted to the middle brain. The extracellular potential was recorded
against a reference electrode (Ag/AgCl wire) placed in fly thorax. Electrical signals were
acquired using AxoScope 10 software (Molecular Devices) with a pH/ION amplifier (Model
2000, A-M Systems) and a digitizer (Digidata 1550A, Molecular Devices) at 1 KHz. A 5 min
period was allowed for the fly preparation to recover from tissue penetration. Preparations with
large spontaneous direct current (DC) potential shifts indicating spreading depolarization
(Armstrong et al., 2011), were rejected. 20 min extracellular electrical activity was recorded
because spontaneous DC potential shifts often occurred after 20 min as the preparation
deteriorated (data not shown). The power spectrum and auto-correlation analyses were conducted
with Clampfit 10 software (Molecular Devices).
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3.3.5 Statistics
Fisher’s exact tests and Chi-square tests were performed to examine the association between
genetic contributions and autocorrelation estimates of rhythmic motor activities. D’Agostino &
Pearson omnibus normality test was conducted to examine the data distribution. Because part of
the data have non-Gaussian distribution, the nonparametric Mann-Whitney test or KruskalWallis test with post comparison was performed to examine the difference of medians between
groups. A P < 0.05 was considered as indicating statistical significance.

3.4 Results
3.4.1 Pulsed light stimulation increased the time spent on perimeter in w1118 flies
To examine the consequence of pulsed light stimulation at behavioral level, we analyzed
locomotor activity of w1118 flies in the circular arenas (1.27 cm diameter) by following the
reported assay (Xiao and Robertson, 2015). Throughout a 20 s period, control flies walked and
turned actively in the arenas. Each fly showed a preference for staying on the perimeter and also
a substantial probability of crossing the central region of the arena (Figure 3.1A). After pulsed
light stimulation, w1118 flies displayed a strong preference for the perimeter. % TOP in w1118
flies with pulsed light stimulation (median 82.5 %, interquartile range (IQR) 73.0 - 87.5 %) was
higher than that in w1118 controls (median 51.5 %, IQR 43.0 - 54.5 %) (P < 0.001, MannWhitney test) (Figure 3.1B). Therefore, pulsed light stimulation increased boundary preference
during locomotion.

3.4.2 Pulsed light stimulation increased 0.2 s path increments and travel distance within 20
s in w1118 flies
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Figure 3.1 Increased boundary preference in w1118 male flies after pulsed light
stimulation.
(A) Locomotor trajectories in the circular arenas. Each circle represents the arena (1.27cm
diameter). The dots are the fly positions (calculated centers of mass) and the connecting lines
show the trajectories during 20 s of locomotion for control (blue lines) and pulsed flies (pink
lines). (B) % TOP in control (n=8) and pulsed (n=8) w1118 flies. Asterisks (***) indicate P <
0.001 by Mann-Whitney test.
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We further examined locomotor performance by comparing 0.2 s path increments in control
and pulsed w1118 flies. w1118 control flies walked intermittently with large variance of step
size, whereas pulsed flies walked with few stops and relatively consistent step size (Figure
3.2A). The relative frequency (%) of the 0.2 s path increments (with a bin width of 0.25 mm)
was calculated (Figure 3.2B). Pulsed flies traveled with the 0.2 s path increments (2.2 mm, IQR
2.0 - 2.3 mm) larger than controls (1.2 mm, IQR 0.9 - 1.5 mm) (P < 0.05, Mann-Whitney test)
(Figure 3.2C). The 0.2 s path increments of pulsed flies were consistent with the average walking
speed of Oregon-R flies, which is within the range of 1.44-8.94 mm/0.2 s (Mendes et al., 2013).
In addition to the differences of walk-stop performance and 0.2 s path increments, pulsed flies
clearly traveled longer distances (median 212.9 mm, IQR 181.5 - 227.6 mm) than control flies
(median 139.5 mm, IQR 114.9 - 164.6 mm) (P < 0.05, Mann-Whitney test) (Figure 3.2D), which
is consistent with the previous report showing that flies increase step size and stepping frequency
simultaneously to increase walking speed (travel distance within a period of time) (Strauß and
Heisenberg, 1990). Thus pulsed light stimulation modified walk-stop performance, 0.2 s path
increments and travel distance within 20 s.

3.4.3 Reduced periodicity of electrical activity associated with a centrally-generated motor
pattern in w1118 flies without pulsed light stimulation
Restrained adult Canton-S flies express an episodic motor activity which may reflect
struggling behavior in an attempt to free themselves, and for which the underlying motor pattern
can be recorded extracellularly. It shows that the electrical activity was always associated with
the struggling activity from three separate experiments. Without pulsed light treatment, Canton-S
fly brains displayed rhythmic deflections with the periodicity of ~19 s (Figure 3.3A), which were
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Figure 3.2 Increased path increments and travel distance in w1118 male flies after pulsed
light stimulation.
(A) Distances travelled every 0.2 s are plotted during 20 s of locomotion. (B) Relative frequency
(%) of the 0.2 s path increments (with bin widths of 0.25 mm) in control and pulsed w1118 flies.
(C) 0.2 s path increments in control (n=8) and pulsed (n=8) w1118 flies. Asterisks (***) indicate
P < 0.001 by Mann-Whitney test. (D) 20 s path length in control (n=8) and pulsed (n=8) w1118
flies. Asterisks (**) indicate P < 0.01 by Mann-Whitney test.
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clearly accompanied with the struggling movement. This episodic motor activity was observed
consistently in individual Canton-S flies. During 20 min recording, such activity showed a twophase alternation: inactive phase and active phase. During the inactive phase, the fluctuations
were relatively small in amplitude and the baselines were quite stable, whereas during the active
phase, the activity showed large fluctuations (Figure 3.3A inset). On the other hand, the
struggling activity in w1118 flies (without pulsed light treatment) had the features of small
amplitude and continuous fluctuations with no apparent rhythmicity (Figure 3.3B), and the twophase alternation was diminished (Figure 3.3B inset).

3.4.4 Pulsed light stimulation increased the electrical activity associated with struggling
motor activity in w1118 flies
To determine whether pulsed light stimulation affected the CNS of w1118 flies, we
examined the effects on the electrical activity which was associated with centrally-generated
motor pattern. After pulsed light stimulation, fluctuations with increased amplitude were
observed consistently in the recordings (Figure 3.4A) compared with w1118 controls under
regular light/dark illumination (see Figure 3.3B). In addition, the two-phase alternation was seen
consistently from fly to fly (Figure 3.4B). For individual flies, each active (inactive) time periods
were summed and the ratio of total active time to total inactive time was calculated. For pulseilluminated w1118 flies, the median of the ratio is 3.3 (IQR 2.9 - 5.2), which is higher than the
ratio of Canton-S flies (median 0.8, IQR 0.3 – 1.0), indicating that the duration of the relatively
inactive phase in pulsed flies was shorter than that of active phase.
The broad spectral analysis indicates 0.01-0.1 Hz activities are the major components of our
recordings. Therefore, the summation of the power spectrum in 0.01-0.1 Hz was calculated, and
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Figure 3.3 Reduced periodicity of centrally-generated motor pattern in w1118 male flies
without pulsed light treatment.
(A) Extracellular recordings in the middle brain in wild-type Canton-S male flies without pulsed
light treatment. Each trace represents the recording from a single fly. The inset shows a typical
alternation of inactive/active phases (with relatively longer duration for inactive phase). (B)
Recordings from the mutant w1118 male flies without pulsed light treatment. Inset indicates the
apparent loss or reduction of two-phase alternation of extracellular electrical activity.
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Figure 3.4 Pulsed light stimulation increased struggling activity of w1118 male flies.
(A) Extracellular recordings from w1118 flies subjected to pulsed light stimulation for entire life
cycle and 4 additional days since emergence. (B) Demonstration of the time duration calculation
of inactive and active phases of the pulsed w1118 flies. The time duration of inactive or active
phases were calculated with Clampfit 10 software (Molecular Devices). To calculate the total
inactive (active) time duration, the inactive (active) time periods are summed. (C) Plot of power
(mV2/Hz) vs control (n=8) and pulsed (n=9) w1118 flies. Asterisks (* or ***) indicate P < 0.05
or P < 0.001 by Kruskal-Wallis test. (D) Auto-correlation analysis of periodicities in pulsed flies.
Values are the periodicity estimates for most recordings. (E) Correlation analysis between %
TOP and power of struggling activity in control (n=8 for both % TOP and power analysis) and
pulsed (n=8 for % TOP and n=9 for power analysis) w1118 flies. Black dots and error bars
indicate median, 25% and 75% percentile of values.
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analyzed between flies. The power of the extracellular electrical activity increased in w1118 flies
with pulsed light stimulation relative to the controls (P < 0.001, Kruskal-Wallis test with Dunn’s
multiple comparison) (Figure 3.4C). The auto-correlation analysis revealed a periodicity of the
struggling activity in the range of 15.5 - 25.4 s which was consistently present in flies (Figure
3.4D). Therefore, pulsed light stimulation improved the struggling motor pattern in w1118 flies,
measured as an increase in the power of extracellular electrical activity, which also demonstrated
two-phase (inactive/active) alternation of activities.

3.4.5 Increased power of extracellular electrical activity correlated with increased % TOP
in w1118 flies with pulsed light stimulation
w1118 control flies displayed low power of extracellular electrical activity and low % TOP,
whereas w1118 flies with pulsed light stimulation showed increased power and increased % TOP
(Figure 3.4E). Thus, the enhancement of the electrical activity correlated with the increase of %
TOP in w1118 flies.

3.4.6 Normal periodic electrical activity was associated with genetic background
Without pulsed light treatment, Canton-S flies showed periodic electrical activity while no
similar fluctuations could be observed in w1118 flies (Figure 3.3). Autocorrelation function
estimates were made to examine the periodicity of the recorded activity without pulsed light
treatment. The analysis was conducted with a maximal lag period of 40 s, which covered the ~20
s periodicity of preliminary data in wild-type Canton-S flies. Typically, with a lag period ranging
from 0 to 40 s, autocorrelation function estimates drop from 1 (zero lag) to negative values, then
gradually increase to the first peak, which indicates the periodicity of the episodic activity.
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Preliminary observations showed that almost all the recordings of Canton-S flies without pulsed
light treatment had the first peak autocorrelation estimates between 0.3 and 0.5, whereas no
recording of w1118 flies without pulsed light treatment had an estimate greater than 0.3.
Therefore, an estimate value of 0.3 was applied to classify the autocorrelation outcomes between
Canton-S and w1118, and all subsequent analyses of progeny flies including F1 and F10 without
pulsed light treatment. Recording with autocorrelation estimate greater than 0.3 was considered
as indicating the presence of rhythmic electrical activity associated with centrally-generated
motor pattern, and lower than 0.3 as indicating the absence/reduction of rhythmic
electrical/motor activity. Periodicity was measured from the lag period corresponding to the peak
estimate.
Without pulsed light treatment, periodic electrical activity associated with episodic motor
activity in Canton-S flies displayed peak estimates greater than 0.3 in 93 % (14/15) of the
preparations, whereas w1118 showed peak estimate > 0.3 in 0 % (0/19) of the preparations
(Figure 3.5A). The rhythmic electrical/motor activity occurred more frequently in Canton-S flies
than w1118 (P < 0.0001, Fisher’s exact test) (Figure 3.5B).
To examine whether the w gene contributes to the occurrence of this periodic electrical/
motor activity without pulsed light treatment, male progeny (F1) containing w+ or w1118 were
tested. Recordings of w+ F1 flies showed peak estimate > 0.3 in 39 % (12/31) preparations, while
recordings of w1118 F1 flies displayed peak estimate > 0.3 in 48 % (16/33) preparations. The
percentages of flies showing episodic electrical activity which was associated with motor activity
were not statistically different between w+ F1 and w1118 F1 flies (P = 0.4607, Fisher’s exact test)
(Figure 3.5B), indicating the dissociation between w+ and the occurrence of rhythmic motor
activities.
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Figure 3.5 Contributions of the w gene and genetic background to rhythmic electrical
activity without pulsed light stimulation.
(A) Autocorrelation analysis of rhythmic electrical/struggling activity in Canton-S, w1118 and
their progeny without pulsed light treatment. Values are the peaks of lag period with estimate >
0.3, which indicates strong periodicity. (B) Proportional analysis of rhythmic electrical/motor
activities with autocorrelation estimate > 0.3 (grey box) and < 0.3 (open box) between Canton-S
(n=15) and w1118 (n=19), and between w+ and w1118-carrying progeny (w+ F1: n=31; w1118 F1:
n=33; w+ (w1118): n=19; w1118 (CS): n=22) without pulsed light treatment. P values are from
Fisher’s exact tests. (C) Comparison of cumulative power amplitude at 0.01 – 0.1 Hz (mV2/Hz)
between strains (Canton-S: n=15; w1118: n=35; w+ F1: n=17; w1118 F1: n=19; w+ (w1118):
n=19; w1118 (CS): n=19) without pulsed light treatment. P values are from Mann-Whitney tests.
(D) Variance of periodicities between w+ and w1118-F1 (n=12 and 16, respectively), and between
Canton-S (n=14) and w1118 (CS) (n=14) without pulsed light treatment. Periodicities in
recordings with autocorrelation estimate > 0.3 were used for analysis. P values are from F tests.
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To confirm the relation between w+ and the occurrence of the rhythmic electrical activity
which was associated with a centrally-generated motor pattern, w+ (w1118) and w1118 (CS) flies
generated by serial backcrossing between Canton-S and w1118 without pulsed light treatment
were tested. w+ (w1118) displayed episodic electrical/motor activity with peak estimate > 0.3 in
0 % (0/19) preparations, whereas w1118 (CS) showed peak estimate > 0.3 in 64 % (14/22) flies.
Thus rhythmic electrical/motor activity was observed with a higher percentage in w1118 (CS) than
that in w+ (w1118) flies (P < 0.0001, Fisher’s exact test) (Figure 3.5B). These results indicate
that genetic background but not w+ was strongly associated with the occurrence of rhythmic
electrical/motor activity in wild-type flies.
The statistical difference of cumulative power amplitude at 0.01 – 0.1 Hz between fly strains
without pulsed light treatment was examined as well (Figure 3.5C). The cumulative power
amplitude in Canton-S flies (median 66.3 mV2/Hz, IQR 58.4 – 94.0 mV2/Hz, n = 15) was higher
than that in w1118 (median 22.4 mV2/Hz, IQR 12.8 – 31.2 mV2/Hz, n = 35) (P < 0.0001, MannWhitney test) (Figure 3.5C). The cumulative power in w+ F1 (median 29.0 mV2/Hz, IQR 16.0 –
55.3 mV2/Hz, n = 17) was statistically the same as that in w1118 F1 (median 42.1 mV2/Hz, IQR
24.3 – 58.5 mV2/Hz, n = 19) (P = 0.3749, Mann-Whitney test) (Figure 3.5C). However, the
cumulative power in w+ (w1118) (median 25.4 mV2/Hz, IQR 14.1 – 41.1 mV2/Hz, n = 19) was
lower than that in w1118 (CS) (median 56.8 mV2/Hz, IQR 22.9 – 112.0 mV2/Hz, n = 19) (P =
0.0051, Mann-Whitney test) (Figure 3.5C). Therefore, without pulsed light treatment, the wildtype genetic background contributed to a high cumulative power amplitude. These data support
the association between wild-type genetic background and the occurrence of periodic electrical
activity in wild-type flies. However, similar to boundary preference reported before (Xiao and
Robertson, 2015), w+ was minimally involved in this episodic electrical/motor activity.
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3.4.7 w+ modulated the consistency of periodicity
Although the occurrence of periodic electrical activity and centrally-generated motor pattern
was strongly associated with the wild-type genetic background, there is a possibility that the
consistency of the activity across individual flies is modulated by w+. The periodicities of
activity observed in w+ F1 and w1118 F1 flies without pulsed light treatment were examined. Both
flies carried the same genetic background on second and third chromosomes but different X
chromosome and w alleles. Periodicities in w+ F1 (mean ± SD: 20.0 ± 2.2 s, n = 12) showed
smaller variance than those in w1118 F1 (19.7 ± 5.6 s, n = 16) (P = 0.0044, F test), although there
was no statistical difference of average periodicities between w+ F1 and w1118 F1 flies (Figure
3.4D). Also, periodicities of activity observed in Canton-S and w1118 (CS) flies, which carried
nearly identical genetic background and different w alleles, were examined. Without pulsed light
stimulation, periodicities in Canton-S (18.8 ± 2.7 s, n = 14) displayed smaller variance than those
in w1118 (CS) flies (17.6 ± 5.1 s, n = 14) (P = 0.0315, F test) with no difference of averages
between flies (Figure 3.4D). Therefore, a higher consistency of periodicity was observed in w+carrying flies.

3.5 Discussion
We report here that w1118 flies generated motor activity in response to the chronic pulsed
light stimulation, not only at the level of behavior with improved boundary preference and
increased travel distance in a locomotor assay, but also at the level of electrical activity which
was associated with a centrally-generated motor pattern showing enhanced periodic
electrical/struggling activity. Additionally, the enhancement of the struggling motor pattern
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correlated with the increase of % TOP during locomotion. Genetic analysis indicates that the
wild-type genetic background contributes largely to the generation of periodic motor activity,
and that w modulates the consistency of periodicities between individuals.
In the current study, one of the most prominent observations is the occurrence of a twophase alternation of extracellular electrical activity induced by pulsed light stimulation in the
brain of Drosophila mutant w1118. The induced two-phase alternation displays a periodicity
around 20 s with the duration of inactive phase shorter than active phase instead of longer
inactive phase accompanied with shorter active phase directly from the pulsed light stimulation
protocol, suggesting that these flies have integrated the pulsed light stimulation and generated a
stabilized and consistent struggling pattern rather than simply generating responses reflecting the
cycle of pulsed light stimulation (5 s ON, 15 s OFF). The critical change in the pulsed w1118
flies is the organized activity with the enhancement of inactive/active phase alternation, which is
largely missing in w1118 flies with random activity under regular illumination. Most biological
rhythms, although affected by external stimulation, are generated endogenously (Liu and
Thomas, 1994). It is likely that the sensory stimulation by light enhances the synchronous neural
activity, which is likely related to neuroplasticity. The periodic inactivity in the centrallygenerated motor pattern indicates that flies are able to rhythmically reduce the activity from
continuous struggling activity by presenting an inactive/active alternation. Such a reduction on
activity would suppress or remove the sporadic and spontaneous activity, and reinforce the
rhythmicity. Conceivably, periodic transition between relatively inactive and active phases
would increase the efficiency in many biological processes such as efficient energy consumption.
The behavioral consequences induced by pulsed light stimulation in the locomotor assay
indicated that the increased locomotor activity on the perimeter and increased travel distance
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require a high degree of locomotion coordination. Defects in locomotion coordination resulted in
reduced speed and path length in chordotonal organ mutants (cho), called atonal (ato), in
Drosophila larva (Caldwell et al., 2003; Suster and Bate, 2002). In mammals, severe motor
coordination deficit reduced edge preference in Tenascin-R-deficient mice (Montag-Sallaz and
Montag, 2003). With pulsed light treatment, w1118 flies display improved locomotion
coordination and are likely highly concentrated on the exploratory task by spending more time
on the perimeter and traveling longer distance (Soibam et al., 2012), which are the typical
locomotor characteristics in wild-type flies (Xiao and Robertson, 2015).
Even though it has been shown that sensory stimulation can enhance motor performance, the
relationship between brain plasticity and the improvement of motor performance is still unclear.
It has been suggested that stimulation leads to structural and functional remodeling in brain
(Carmichael, 2003; Murphy and Corbett, 2009; van Meer et al., 2011) and the reorganization of
neural connections could be activated by multiple plasticity mechanisms such as the expression
or release of activity-dependent neurotrophins (Fritsch et al., 2010; Mattson, 2008; Schinder and
Poo, 2000), which might promote enhanced coordination and other circuit functions.
In recent years, repetitive stimulation has attracted attention for stroke therapy and repetitive
stimulations with electrical pulses have been shown to improve sensorimotor tasks in human
adults (Dinse et al., 2005; Dinse et al., 2006; Dinse et al., 2003). Similar to repetitive electrical
stimulation with electrical pulses, pulsed light treatment in our study has a major advantage that
the treatment is applied passively and no active cooperation or even attention is required when
the unattended stimulation takes place (Dinse et al., 2006).
In summary, this study shows that adult w1118 flies could generate a motor activity
response to chronic sensory stimulation, both at the level of behavior (e.g. boundary preference
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and travel distance in a locomotor assay) and at the level of electrical activity which was
associated with a centrally-generated motor pattern (struggling activity). The mechanisms of
brain plasticity responsible for this response are still unknown, however, we have shown that
they have a genetic basis and thus could be addressed by the sophisticated techniques afforded
by a Drosophila model.

3.6 Reference
Armstrong, G.A., Xiao, C., Krill, J.L., Seroude, L., Dawson-Scully, K., Robertson, R.M., 2011.
Glial Hsp70 protects K+ homeostasis in the Drosophila brain during repetitive anoxic
depolarization. PloS one 6, e28994.
Auluck, P.K., Chan, H.Y.E., Trojanowski, J.Q., Lee, V.M.-Y., Bonini, N.M., 2002. Chaperone
suppression of α-synuclein toxicity in a Drosophila model for Parkinson's disease.
Science 295, 865-868.
Caldwell, J.C., Miller, M.M., Wing, S., Soll, D.R., Eberl, D.F., 2003. Dynamic analysis of larval
locomotion in Drosophila chordotonal organ mutants. Proceedings of the National
Academy of Sciences of the United States of America 100, 16053-16058.
Campbell, J.L., Nash, H.A., 2001. Volatile general anesthetics reveal a neurobiological role for
the white and brown genes of Drosophila melanogaster. Journal of Neurobiology 49,
339-349.
Carmichael, S.T., 2003. Plasticity of cortical projections after stroke. Neuroscientist 9, 64-75.
Chang, S., Bray, S.M., Li, Z., Zarnescu, D.C., He, C., Jin, P., Warren, S.T., 2008. Identification
of small molecules rescuing fragile X syndrome phenotypes in Drosophila. Nature
Chemical Biology 4, 256-263.
90

Colley, N.J., 2012. Retinal degeneration in the fly, Retinal Degenerative Diseases. Springer, 407414.
De Gregorio, E., Spellman, P.T., Tzou, P., Rubin, G.M., Lemaitre, B., 2002. The Toll and Imd
pathways are the major regulators of the immune response in Drosophila. The EMBO
Journal 21, 2568-2579.
Dinse, H., Kattenstroth, J., Gattica Tossi, M., Tegenthoff, M., Kalisch, T., Segev, I., Markram,
H., 2011. Sensory stimulation for augmenting perception, sensorimotor behavior and
cognition. Augmenting Cognition, 11-39.
Dinse, H.R., Kalisch, T., Ragert, P., Pleger, B., Schwenkreis, P., Tegenthoff, M., 2005.
Improving human haptic performance in normal and impaired human populations
through unattended activation-based learning. ACM Transactions on Applied Perception
(TAP) 2, 71-88.
Dinse, H.R., Kleibel, N., Kalisch, T., Ragert, P., Wilimzig, C., Tegenthoff, M., 2006. Tactile
coactivation resets age‐ related decline of human tactile discrimination. Annals of
Neurology 60, 88-94.
Dinse, H.R., Ragert, P., Pleger, B., Schwenkreis, P., Tegenthoff, M., 2003. Pharmacological
modulation of perceptual learning and associated cortical reorganization. Science 301,
91-94.
Fritsch, B., Reis, J., Martinowich, K., Schambra, H.M., Ji, Y., Cohen, L.G., Lu, B., 2010. Direct
current stimulation promotes BDNF-dependent synaptic plasticity: potential implications
for motor learning. Neuron 66, 198-204.

91

Griffith, L.C., Ejima, A., 2009. Courtship learning in Drosophila melanogaster: diverse
plasticity of a reproductive behavior. Learning & memory (Cold Spring Harbor, N.Y.)
16, 743-750.
Hengstenberg, R., Götz, K.G., 1967. Der Einfluss des Schirmpigmentgehalts auf die Helligkeitsund Kontrastwahrnehmung bei Drosophila-Augenmutanten. Kybernetik 3, 276-285.
Iijima, K., Liu, H.P., Chiang, A.S., Hearn, S.A., Konsolaki, M., Zhong, Y., 2004. Dissecting the
pathological effects of human Abeta40 and Abeta42 in Drosophila: a potential model for
Alzheimer's disease. Proceedings of the National Academy of Sciences of the United
States of America 101, 6623-6628.
Johansson, B.B., 2004. Brain plasticity in health and disease. The Keio Journal of Medicine 53,
231-246.
Johansson, K., Lindgren, I., Widner, H., Wiklund, I., Johansson, B., 1993. Can sensory
stimulation improve the functional outcome in stroke patients? Neurology 43, 2189-2189.
Kattenstroth, J.-C., Kalisch, T., Peters, S., Tegenthoff, M., Dinse, H.R., 2012. Long-term sensory
stimulation therapy improves hand function and restores cortical responsiveness in
patients with chronic cerebral lesions. Three single case studies. Frontiers in Human
Neuroscience 6.
Koh, K., Joiner, W.J., Wu, M.N., Yue, Z., Smith, C.J., Sehgal, A., 2008. Identification of
SLEEPNESS, a sleep-promoting factor. Science 321, 372-376.
Krstic, D., Boll, W., Noll, M., 2013. Influence of the White locus on the courtship behavior of
Drosophila males. PloS one 8, e77904.
Liu, D.W., Thomas, J.H., 1994. Regulation of a periodic motor program in C. elegans. The
Journal of Neuroscience 14, 1953-1962.
92

Marsh, J.L., Thompson, L.M., 2006. Drosophila in the study of neurodegenerative disease.
Neuron 52, 169-178.
Mattson, M.P., 2008. Glutamate and neurotrophic factors in neuronal plasticity and disease.
Annals of the New York Academy of Sciences 1144, 97-112.
Mendes, C.S., Bartos, I., Akay, T., Márka, S., Mann, R.S., 2013. Quantification of gait
parameters in freely walking wild type and sensory deprived Drosophila melanogaster.
eLife 2, e00231.
Montag-Sallaz, M., Montag, D., 2003. Severe cognitive and motor coordination deficits in
tenascin-R-deficient mice. Genes, Brain, and Behavior 2, 20-31.
Murphy, T.H., Corbett, D., 2009. Plasticity during stroke recovery: from synapse to behaviour.
Nature Reviews Neuroscience 10, 861-872.
Nithianantharajah, J., Hannan, A.J., 2006. Enriched environments, experience-dependent
plasticity and disorders of the nervous system. Nature Reviews. Neuroscience 7, 697-709.
Pascual-Leone, A., Amedi, A., Fregni, F., Merabet, L.B., 2005. The plastic human brain cortex.
Annual Review of Neuroscience 28, 377-401.
Paulk, A.C., Kirszenblat, L., Zhou, Y., van Swinderen, B., 2015. Closed-loop behavioral control
increases coherence in the fly brain. The Journal of Neuroscience 35, 10304-10315.
Pérez, C., Ruiz, S., Ferreiro, M.J., Marchesano, M., Aguilera, P., Caputi, A., Aransay, A.M.,
Barrio, R., Cantera, R., 2014. Mutations in white cause neurodegeneration, European Fly
Neurobiology, Hersonissos, Crete, Greece.
Pitman, J.L., DasGupta, S., Krashes, M.J., Leung, B., Perrat, P.N., Waddell, S., 2009. There are
many ways to train a fly. Fly (Austin) 3, 3-9.

93

Pollitt, S.K., Pallos, J., Shao, J., Desai, U.A., Ma, A.A.K., Thompson, L.M., Marsh, J.L.,
Diamond, M.I., 2003. A rapid cellular FRET assay of polyglutamine aggregation
identifies a novel inhibitor. Neuron 40, 685-694.
Prieto-Godino, L.L., de Polavieja, G.G., 2010. Brain activity at 70-80 Hz changes during
olfactory stimulation protocols in Drosophila. PloS one 5, e12867.
Putz, G., Heisenberg, M., 2002. Memories in Drosophila heat-box learning. Learning and
Memory (Cold Spring Harbor, N.Y.) 9, 349-359.
Quinn, W.G., Harris, W.A., Benzer, S., 1974. Conditioned behavior in Drosophila melanogaster.
Proceedings of the National Academy of Sciences of the United States of America 71,
708-712.
Ramdya, P., Lichocki, P., Cruchet, S., Frisch, L., Tse, W., Floreano, D., Benton, R., 2015.
Mechanosensory interactions drive collective behaviour in Drosophila. Nature 519, 233236.
Richardson, H., Kumar, S., 2002. Death to flies: Drosophila as a model system to study
programmed cell death. Journal of Immunological Methods 265, 21-38.
Saleem, S., Ruggles, P.H., Abbott, W.K., Carney, G.E., 2014. Sexual experience enhances
Drosophila melanogaster male mating behavior and success. PloS one 9, e96639.
Schinder, A.F., Poo, M.-m., 2000. The neurotrophin hypothesis for synaptic plasticity. Trends in
Neurosciences 23, 639-645.
Seitz, R.J., Huang, Y., Knorr, U., Tellmann, L., Herzog, H., Freund, H.J., 1995. Large-scale
plasticity of the human motor cortex. Neuroreport 6, 742-744.
Sitaraman, D., Zars, M., LaFerriere, H., Chen, Y.-C., Sable-Smith, A., Kitamoto, T.,
Rottinghaus, G.E., Zars, T., 2008. Serotonin is necessary for place memory in
94

Drosophila. Proceedings of the National Academy of Sciences of the United States of
America 105, 5579-5584.
Smith, P.S., Dinse, H.R., Kalisch, T., Johnson, M., Walker-Batson, D., 2009. Effects of
repetitive electrical stimulation to treat sensory loss in persons poststroke. Archives of
Physical Medicine and Rehabilitation 90, 2108-2111.
Soibam, B., Mann, M., Liu, L., Tran, J., Lobaina, M., Kang, Y.Y., Gunaratne, G.H., Pletcher, S.,
Roman, G., 2012. Open-field arena boundary is a primary object of exploration for
Drosophila. Brain and Behavior 2, 97-108.
Steffan, J.S., Bodai, L., Pallos, J., Poelman, M., McCampbell, A., Apostol, B.L., Kazantsev, A.,
Schmidt, E., Zhu, Y.-Z., Greenwald, M., Kurokawa, R., Housman, D.E., Jackson, G.R.,
Marsh, J.L., Thompson, L.M., 2001. Histone deacetylase inhibitors arrest polyglutaminedependent neurodegeneration in Drosophila. Nature 413, 739-743.
Strauß, R., Heisenberg, M., 1990. Coordination of legs during straight walking and turning in
Drosophila melanogaster. Journal of Comparative Physiology A 167, 403-412.
Suster, M.L., Bate, M., 2002. Embryonic assembly of a central pattern generator without sensory
input. Nature 416, 174-178.
Tanaka, N.K., Ito, K., Stopfer, M., 2009. Odor-evoked neural oscillations in Drosophila are
mediated by widely branching interneurons. The Journal of Neuroscience 29, 8595-8603.
Taub, E., Uswatte, G., Pidikiti, R., 1999. Constraint-Induced Movement Therapy: a new family
of techniques with broad application to physical rehabilitation--a clinical review. Journal
of Rehabilitation Research and Development 36, 237-251.

95

van Meer, M.P., van der Marel, K., van der Sprenkel, J.W.B., Dijkhuizen, R.M., 2011. MRI of
bilateral sensorimotor network activation in response to direct intracortical stimulation in
rats after unilateral stroke. Journal of Cerebral Blood Flow & Metabolism 31, 1583-1587.
van Swinderen, B., Greenspan, R.J., 2003. Salience modulates 20-30 Hz brain activity in
Drosophila. Nature Neuroscience 6, 579-586.
Xiao, C., Robertson, R.M., 2015. Locomotion induced by spatial restriction in adult Drosophila.
PLoS One 10, e0135825.

96

Chapter 4
Involvement of the CNGL channel in locomotor performance and CNS responses to
hypoxia in adult Drosophila
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4.1 Abstract
The model organism Drosophila melanogaster provides an excellent opportunity to explore
the genetic basis for behavioral and CNS responses to reduced oxygen availability. Cyclic
guanosine monophosphate (cGMP) modulates the speed of recovery from anoxia in Drosophila
adults and mediates hypoxia-related behaviors in Drosophila larvae (Vermehren-Schmaedick et
al., 2010). Cyclic nucleotide-gated channels (CNG) and cGMP-activated protein kinase (PKG)
are two downstream targets of cGMP. PKG is involved in behavioral tolerance to hypoxia and
anoxia in adult flies, however little is known about whether CNG channels regulate hypoxia
responses in adult flies. The current study investigated the contribution of CNGL, a member of
the CNG family, to the hypoxia responses in adults. Alterations of O2 level had an effect on the
walking locomotion of all tested fly lines except for the flies with CNGL knockdown in glia.
Down-regulation of CNGL resulted in reduced locomotion under normoxia and reduced recovery
from hypoxia, which was similar to pan-neural or pan-glial CNGL knockdown. In addition,
hypoxia caused a strong effect in CNGL down-regulation flies by showing a sharp peak of the
path length per minute followed by a gradual increase during the hypoxia period. The basal
levels of CNS extracellular K+ concentrations were reduced in flies with CNGL down-regulation.
CNS extracellular K+ recordings demonstrated that, in response to hypoxia, flies with downregulation of CNGL had an increased extracellular K+ concentration change, reduced time to
reach the K+ concentration peak, and delayed time to recover from hypoxia. Moreover, we found
that upregulation of cGMP eliminated the decreased locomotion under normoxia, decreased
recovery from hypoxia, and partially compensated for the CNS alterations in response to hypoxia
in flies with down-regulation of CNGL. These results suggest the involvement of CNGL
channels in the hypoxia response of adult Drosophila, providing additional information on the
98

mechanisms of hypoxia response in Drosophila from behavioral and electrophysiological
aspects.
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4.2 Introduction
Insects have evolved remarkable adaptive mechanisms to tolerate hypoxia or anoxia. The
median lethal time (LT50) of Chironomus plumosis larvae to anoxia is around 205 days at low
temperatures (Nagell and Landahl, 1978). The larvae of Cicindela togata survive anoxia at 25 °C
with an LT50 of more than three days (Hoback et al., 2000; Hoback et al., 1998). Locusta
migratoria are able to survive an environment with pure nitrogen for up to six hours at room
temperature (Wu et al., 2002). Adults of Drosophila melanogaster (fruitﬂy) can survive several
hours in anoxia (Callier et al., 2015; Haddad, 2006). At extremely low oxygen tension (0.1 kPa)
ﬂies reduce metabolism around 10-fold relative to normoxia (Van Voorhies, 2009). The
exceptional survival and physiological responses to hypoxia or anoxia in Drosophila provides a
good opportunity to explore its underlying molecular and genetic basis.
The ability to sense oxygen levels is critical for eliciting long-term change and short-term
behavioral responses to hypoxia and anoxia (Lopez-Barneo et al., 2001). Prolonged or chronic
responses to hypoxia, such as hypoxia-induced gene expression, are primarily mediated by the
conformational stabilization of hypoxia-inducible factors (HIFs) (Hochachka and Rupert, 2003;
Kaelin and Ratcliffe, 2008; Semenza, 2000). However, rapid behavioral and electrophysiological
responses to hypoxia often involve the activation of oxygen sensors and oxygen-operated ion
channels (Kaelin and Ratcliffe, 2008; Krnjevic and Leblond, 1989).
Ion channels can be regulated by reduced O2 levels (Lopez-Barneo, 1996). A voltagedependent K+ channel was the first identified ion channel responsible for O2 sensing (LopezBarneo et al., 1988). It is found in Type I chemoreceptor cells in the mammalian carotid body
and hypoxia has a marked effect on the K+ current with a 25-50 % reduction of current
amplitude. Another O2-sensing channel is the O2-sensitive ATP-inhibitable K+ channel, which is
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found in neocortical and substantia nigra neurons in the rat CNS (Jiang and Haddad, 1994; Jiang
et al., 1994). Hypoxia activates this channel and causes it to open and close with increased
frequency. Moreover, the voltage-dependent, fast-inactivating Na+ inward current in rat
hippocampal CA1 neurons is depressed with decreased O2 level and CA1 neuronal excitability is
decreased as well (Cummins et al., 1991). In Caenorhabditis elegans (C. elegans), the hypoxia
responses require cyclic guanosine monophosphate (cGMP)-gated cation channels (CNGs)
including tax-2 and tax-4, and the atypical soluble guanylyl cyclases (sGCs) such as GCY-35
(Chang et al., 2006; Gray et al., 2004; Zimmer et al., 2009).
In Drosophila, oxygen sensing and behavioral responses to hypoxia were undescribed until a
class of sGCs was identified, including Gyc88E, Gyc89Da and Gyc89Db (Morton, 2004) which
contribute to the hypoxia response in Drosophila larvae (Vermehren-Schmaedick et al., 2010).
The CNG channel family has at least four members including CNGA, CNG-like (CNGL),
CG3536 and CG17922. Only CNGA, not the other three members, regulates an escape response
to hypoxia in Drosophila larvae (Vermehren-Schmaedick et al., 2010). Flies with downregulation of cGMP-specific PDE show fast anoxic recovery, suggesting the involvement of
cGMP in the modulation of anoxic recovery speed in adult flies (Xiao and Robertson, 2017). In
Drosophila larvae, reduced levels of cGMP in the neurons with O2 sensors result in longer
response times to hypoxia, indicating that cGMP also regulates the escape response to hypoxia in
Drosophila larvae (Vermehren-Schmaedick et al., 2010). cGMP has several downstream targets,
such as CNG channels and cGMP protein kinase G (PKG). Flies with lower PKG activity show
an increased time to the onset of anoxic coma and are more behavioral resistant to anoxia and
hypoxia (Dawson-Scully et al., 2010; Spong et al., 2016). However, whether CNG channels
regulate the anoxia or hypoxia response in adult flies is unclear. In anoxia, neural activity and
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physiological functions are shutdown, while in hypoxia, the CNS still functions, indicating that it
is feasible to investigate the role of CNG channels in maintaining neural function and regulating
locomotor activity under hypoxia. So far, little attention has been focused on one of the CNG
channel family members, the CNGL channel, and the experimental results related to the CNGL
channel can be summarized as follows: 1) CNGL is detected in fly optic lobe, central brain and
thoracic ganglia, shows similarity to the mammalian CNG channel α and β subunits, and is
predicted to form heteromeric channel with similar sensitivity to cAMP and cGMP (Miyazu et
al., 2000; Vermehren-Schmaedick et al., 2010); 2) the CNGL channel is somehow involved in
visual orientation memory (Kuntz et al., 2017), however, it does not contribute to the hypoxia
escape response in Drosophila larvae (Vermehren-Schmaedick et al., 2010). In the current study
the role of CNGL channel in regulating the hypoxia response of adult flies was investigated.
Transcriptional changes of CNGL mutant flies were examined. It was hypothesized that
CNGL mutation in adult flies would cause altered behavioral and electrophysiological responses
to hypoxia. The hypothesis was tested in a locomotor assay by measuring the average path length
per minute travelled in a circular arena, comparing CNGL mutant flies and w1118 control flies
under normoxia, under hypoxia, and during recovery. The effect of altered O2 level in all fly
lines was examined before the calculation of percent recovery after hypoxia. In addition, these
parameters were examined in pan-neural or pan-glial CNGL knockdown flies. The basal levels of
CNS extracellular K+ concentrations were measured to investigate possible changes specific to
K+ rather than overall ion homeostasis. With the K+-sensitive electrode, CNS responses to
hypoxia were also examined by measuring parameters including extracellular K+ concentration
change, time to reach the peak of extracellular K+ concentration and time to recover from
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hypoxia. In addition, the interaction between CNGL and cGMP in response to hypoxia was
determined by the overexpression of Gyc88E or the mutation of Pde1c.

4.3 Materials and Methods
4.3.1 Flies
Fly strains and their sources: w1118 (L. Seroude laboratory, Queen’s University, Canada);
CNGLMB01092 (Bloomington Stock Center, BSC #22988); UAS-CNGL-RNAi (BSC #28684);
UAS-Gyc88E (D. Morton laboratory, Oregon Health & Science University, USA); Pde1cKG05572
(BSC #13901); elav-Gal4 (BSC #8765); and repo-Gal4 (BSC #7415).
Male progeny (CNGLMB01092/y) were obtained by crossing female CNGLMB01092 flies with
male w1118 flies. This was to remove the differences of the genetic background between
CNGLMB01092 and w1118 flies. Male progeny (CNGLMB01092/y; Pde1cKG05572/+;) were obtained
by crossing female CNGLMB01092 flies with male Pde1cKG05572 flies.
Up- or down-regulation of a gene was carried out using the Gal4/UAS binary expression
system (Brand and Perrimon, 1993; Clemens et al., 2000; Duffy, 2002; Hammond et al., 2000).
Male progeny (; elav-Gal4/+; UAS-CNGL-RNAi/+ and ; repo-Gal4/+; UAS-CNGL-RNAi/+)
were obtained by crossing female UAS-CNGL-RNAi flies with elav-Gal4 or repo-Gal4 male
flies, respectively. CNGLMB01092 flies also contained a CNGL enhancer-trap line (CNGL-Gal4),
therefore, male progeny (CNGLMB01092/y; UAS-Gyc88E/+;) were obtained by crossing female
CNGLMB01092 flies with UAS-Gyc88E male flies.
Flies were raised with standard medium (0.01% molasses, 8.2% cornmeal, 3.4% killed
yeast, 0.94% agar, 0.18% benzoic acid, 0.66% propionic acid) at room temperature 21–23°C,
60–70% humidity. A 12h/12 h light/dark cycle was provided by three light bulbs (Philips 13 W
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compact fluorescent energy saver) with lights on at 7 am and off at 7 pm. Male ﬂies were
collected within two days after eclosion and raised for at least three additional days before the
experiments. Pure nitrogen gas was used to knock down ﬂies during collection. Before tests, ﬂies
were allowed at least three days free of nitrogen exposure after collection. Tested ﬂies were no
more than nine days old. All experiments were performed between 10 am and 4 pm during the
daytime.

4.3.2 RNA extraction and RT-PCR
Total RNA from around 20 whole ﬂies of both sexes at 4-7 days old was extracted using a
PureLink RNA Mini Kit (Cat# 12183020, ThermoFisher Scientiﬁc, USA). Reverse transcription
(RT) was performed using a GoScriptTM Reverse Transcription System (A5001, Promega,
USA). Polymerase chain reaction (PCR) conditions were: 95 ℃ for 30 min for hot start, followed
by denaturing at 95 ℃ for 30 seconds, annealing at 60 ℃ for 1 minute, extension at 72 ℃ for 2
minutes for 40 cycles, and a ﬁnal extension at 72 ℃ for 10 minutes. The primers were: CNGLRF (5’-TCGTTCATCAGCGAGCATCC-3’, 5’-GGTGGCAACGTTCCTCTTGA-3’); CNGLRD, RE, RJ and RI (5’-GGAGAGCTTCGCGTTTCCTG-3’, 5’GAGGATGAGGATGTCGGTGC-3’). Tubulin 84B was used as loading control with primers
5’-CATGGTCGACAACGAGGCTA-3’ and 5’-GCACCTTGGCCAAATCACCT-3’. PCR
products were separated in 1 - 2 % agarose gel, stained with 0.5 µg/ml ethidium bromide and
visualized with UV light. Images of DNA bands were captured with AlphaImager Image
Analysis System (Alpha Innotech).
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4.3.3 Locomotor assay
The locomotor assay has been described (Xiao and Robertson, 2015). Illumination for
video-capture was provided with a white light box (Logan Portaview slide/transparency viewer
with 15 Watt color-corrected ﬂuorescent bulbs) and the reﬂection from white cardboard screens
surrounding the set up. Individual ﬂies were gently aspirated into circular arenas (1.27 cm
diameter; 0.3 cm depth). Fly activities were recorded as videos and post-analyzed. A customwritten ﬂy tracking software using Open Computer Vision 2.0 (OpenCV2.0) was used for
computing ﬂy positions (the center of mass) and calculating path length per minute. After 5
minutes of adaptation in the arena and 10 minutes of locomotion recorded under normoxia (a
slow air flow at 2 L/min), hypoxia was induced by delivering a mixture of 2% O2 and 98% N2 to
the apparatus at 2 L/min for 15 minutes. The ratio of O2 and N2 chosen here was based on
previous studies, which define such a composition as “hypoxia” (Allweis et al., 1984; Donohoe
et al., 2000). The flies then recovered under normoxia (air flow at 2 L/min) for 40 min.
Experiments were conducted in the light and at least three hours away from light-dark transit, in
order to avoid morning and evening activity peaks (Grima et al., 2004).
In each minute, the path length including stationary periods for each fly line was averaged
and plotted under three different conditions including normoxia (10 min), hypoxia (15 min), and
recovery after hypoxia (40 min). In addition, for each fly, the path length per minute (including
stationary periods) under normoxia was averaged over 10 minutes (1-10 min) (Lnormoxia), under
hypoxia during the last 10 minutes (16-25 min) (Lhypoxia) and under normoxia during the first 10
minutes after 5 minutes adaptation (31-40 min) and the last 10 minutes of recovery (56-65 min)
(Lrecovery). Lnormoxia was compared between/among fly genotypes. To determine the effect of O2
level changes on fly locomotion, Lnormoxia, Lhypoxia and Lrecovery were compared within the same fly
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line. Percent recovery was calculated only for the fly lines with significant effects of O2 level
changes on fly locomotion (P < 0.05 when performing Kruskal-Wallis test). For each fly, the
percent recovery after hypoxia was obtained by dividing Lrecovery by Lnormoxia. The recovery
percentage was then compared between/among fly genotypes.
To investigate the hypoxia effect on flies with CNGL down-regulation or knockdown, the
path length during the last 5 minutes of normoxia, 15 minutes hypoxia and the first 5 minutes
recovery after hypoxia (6-30 min in total) was plotted again in the same figure. During hypoxia,
path length per minute quickly reached a peak and then sharply dropped, followed by a gradual
increase. The path length per minute at the peak (11 or 12 min) was then compared with the last
minute before hypoxia was on (10 min).

4.3.4 Recording of CNS extracellular potassium ion concentrations
CNS extracellular potassium ion concentration was measured with a K+-sensitive
microelectrode. K+-sensitive microelectrodes were prepared as previously described (Armstrong
et al., 2011). Non-ﬁlamented glass capillaries (1B100-4, World Precision Instruments, USA)
were immersed into 99.9 % methanol for ﬁve minutes and dried out at room temperature. Low
resistance electrodes (5-10 megaohms) were fashioned from cleaned capillaries using the P-87
Faming/Brown micropipette puller (Sutter Instrument Co.). The electrodes were silanized with
dichlorodimethylsilane (440272-100ml, Sigma-Aldrich) on a hot plate (100 °C) for 1 hour.
Silanization was repeated once. After cooling, the electrode tip was ﬁlled with potassium
ionophore I - cocktail B (99373, Sigma-Aldrich) for a distance of 200-1000 µm. Electrodes were
then backﬁlled with 1 M KCl. The electrode tips were immersed in distilled water until use. K+sensitive microelectrodes were freshly prepared and discarded after 12 hrs. Reference electrodes
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(5-10 megaohms) were pulled using ﬁlamented capillaries (1B100F-4, World Precision
Instruments, USA) and back-ﬁlled with 1 M KCl. Electrical signals were acquired using
AxoScope 10 software (Molecular Devices) with a pH/ION ampliﬁer (Model 2000, A-M
Systems) and a digitizer (Digidata 1550A, Molecular Devices). The K+-sensitive electrode was
calibrated with two KCl solutions (10 and 100 mM) at room temperature. Electrodes were kept
for experiments if there was a voltage change of 50 - 58 mV corresponding to a 10-fold change
in K+ concentrations. The voltage output of the K+-sensitive electrode was set to zero in 10 mM
KCl.
A ﬂy was secured in a trimmed pipette tip (200 µl) with its head exposed and thorax and
abdomen inside. A drop of wax was placed underneath the head to limit movement. A small area
of cuticle between the compound eyes was removed. Both K+-sensitive and reference electrodes
were inserted into the middle of the brain. A grounding wire (Ag/AgCl wire) was inserted into
the thorax. A 5 minute period was allowed for the ﬂy to recover from experimental handling.
Hypoxia was delivered using a mixture of 2 % O2 and 98 % N2 at 5 L/min for 1 minute, followed
by recovery in air flow for 5 minutes. The recording station was set up on a vibration isolation
table to prevent mechanical interference. Recordings were made in the daytime under regular
light illumination.
There was a possibility that the K+-sensitive electrode became blocked during the insertion
into the tissue. Therefore, a second calibration was performed after the recording by placing the
ion-selective electrode into 10 mM KCl. A difference of < 5 mV in second calibration compared
with the first was acceptable, otherwise the recording was discarded. Conversion from voltage to
extracellular K+ concentration was performed using a modification of the Nernst equation: [K+]o
= 10 ×10voltage/58.2.
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4.3.5 Analysis of variables in response to hypoxia
The variables measured during hypoxia included: 1) extracellular K+ concentration change
obtained by the K+-sensitive electrode ( [K+]o); 2) time to reach peak of [K+]o (tpeak); and 3)
time to recovery (trecovery) (see Fig. 4.8A).
The baselines in [K+]o trace were calculated within one minute before hypoxia treatment.
The parameter  [K+]o was defined as the concentration difference between the peak and the
baseline. The parameter tpeak was defined as the time required to reach the peak from the onset of
the hypoxia treatment. During recovery, [K+]o dropped quickly at first before reaching to a
steady plateau. All the flies reached the plateau of [K+]o within 3.5 min, therefore, the last 1 min
data during the 5 min recovery period was chosen to calculate the final baseline after hypoxia.
The variable trecovery was defined as the first time to reach the final baseline after hypoxia was
turned off.

4.3.6 Statistics
Three replicates of each experiment were conducted. The sample sizes for each test are
stated in the Results section. It should be noted that the sample sizes for the experiments varied
depending on the fly availability, due to the inconsistent yields of progeny obtained after fly
crosses. Statistical analysis was performed using Prism version 5.0 (GraphPad Software, San
Diego, CA). A D’Agostino & Pearson omnibus normality test was conducted to examine the data
distribution. Because part of the data had non-Gaussian distributions, nonparametric MannWhitney or Kruskal-Wallis tests with post comparisons were performed to examine the
difference of medians between groups. Kruskal-Wallis test (without post comparisons) was
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performed to determine the effect of O2 level changes within the same fly line. A P < 0.05 was
considered as indicating statistical significance.

4.4 Results
4.4.1 CNGL transcriptional down-regulation in CNGLMB01092 flies
RT-PCR was performed to examine transcriptional changes in CNGL mutants. Based on the
National Center for Biotechnology Information (NCBI) nucleotide database, there are ﬁve
mRNA variants including CNGL-RD, RE, RJ, RI and RF for CNGL (Figure 4.1A). Among
them, CNGLMB01092 showed a reduction of CNGL-RD, RE, RJ and RI transcripts compared with
w1118 (Figure 4.1B). The other variant, CNGL-RF, was likely unchanged. Thus, downregulation of the CNGL transcript level was observed in CNGLMB01092 flies.

4.4.2 Reduced locomotion under normoxia and reduced recovery in response to hypoxia in
CNGLMB01092/y flies
Locomotor activity in the circular arenas was analyzed under normoxia, under hypoxia, and
during the recovery period after hypoxia. During the 10 min period of normoxia, w1118 flies
walked farther in each minute than CNGLMB01092/y flies (Figure 4.2A-C). Under hypoxia, the
path length per minute of w1118 flies was largely reduced, however, that in CNGLMB01092/y flies
increased to a peak value within 1 minute and then dropped quickly; afterwards, a gradual
increase was obtained (Figure 4.2A-C and 4.7A). During the recovery period, CNGL mutant
showed almost no activity, while w1118 flies had a larger path length per minute (Figure 4.2 AC).
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Figure 4.1 Low level of CNGL transcripts in CNGLMB01092.
(A) Five predicted transcripts of CNGL (CNGL-RD, RE, RJ, RI and RF), two sets of primers and
CNGLMB01092 mutant line. (B) RT-PCR was performed on total RNA extracted from whole ﬂies
of either w1118 or CNGLMB01092. For a loading control, the cDNA was also ampliﬁed with
Tub84b primers. Lower level of CNGL transcripts was observed in the mutant.
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Figure 4.2 Reduced locomotion under normoxia and reduced recovery in response to
hypoxia in CNGLMB01092/y flies.
(A-B) Locomotor analysis for w1118 flies and CNGLMB01092/y flies with hypoxia. Each plot
represents locomotor activity of a single fly. A 15 min hypoxia was applied after 10 min
locomotion under normoxia. Flies were then returned to normoxia and allowed to recover for 40
min. (C) Path length per minute of control ﬂies (w1118) (black circles and black line, n=14) and
mutant ﬂy line CNGLMB01092/y (blue circles and blue line, n=12) under normoxia, during hypoxia
and after hypoxia-treatment. (D) The average path length per minute under normoxia (1-10 min),
during hypoxia (16-25 min), and during reoxygenation (31-40 min and 56-65 min) of w1118 and
CNGLMB01092/y flies. (E) The percent recovery of w1118 and CNGLMB01092/y flies in response to
hypoxia. Asterisks (***) indicate P < 0.001 by Mann-Whitney test.
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Under normoxia, w1118 flies had an improved locomotor performance (n=14, median 22.3
cm/min, interquartile range (IQR) 17.6-49.8 cm/min) than CNGLMB01092/y flies (n=12, median
4.0 cm/min, IQR 1.9-11.8 cm/min) (P < 0.001, Mann-Whitney test) (Figure 4.2D, left panel).
Therefore, the CNGL mutation obtained from CNGLMB01092/y flies was associated with reduced
locomotor activity under normoxia. Alterations of O2 level had a significant influence on fly
locomotion in w1118 flies (P < 0.001, Kruskal-Wallis test) (Figure 4.2D). Similarly, locomotion
in CNGLMB01092/y flies also varied with the O2 level changes (P < 0.001, Kruskal-Wallis test)
(Figure 4.2D). CNGLMB01092/y flies showed a reduced recovery (n=12, median 8.9%, IQR 2.338.1%) compared with w1118 control flies (n=14, median 93.9%, IQR 72.3-141.7%) (P < 0.001,
Mann-Whitney test) (Figure 4.2E). This suggests that the mutation in CNGLMB01092/y flies led to
reduced recovery in response to hypoxia.

4.4.3 Reduced locomotion under normoxia and reduced recovery in response to hypoxia in
flies with CNGL knockdown in neurons
To examine the relationship between reduced locomotion under normoxia and fly
genotypes, we first targeted RNAi knockdown of CNGL to the central nervous system with the
pan-neuronal driver elav-Gal4 (Armstrong et al., 2011; Dimitroff et al., 2012). No apparent
morphological abnormality or development delay was observed in the CNGL pan-neuronal
knockdown flies compared with controls.
Under normoxia, the locomotor performance of ;elav-Gal4/+; UAS-CNGL-RNAi/+ males
was decreased compared with controls (Figure 4.3A-D). The average path length per minute of
the mutant flies (n=11, median 2.6 cm/min, IQR 1.2-13.8 cm/min) was severely reduced
compared with controls (;elav-Gal4/+;, n=8, median 35.5 cm/min, IQR 32.2-39.2 cm/min, and
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;;UAS-CNGL-RNAi/+, n=18, median 38.6 cm/min, IQR 34.5-41.1 cm/min) (P < 0.01 or 0.001,
respectively, Kruskal-Wallis test with Dunn’s multiple comparison) (Figure 4.3E, left panel).
Similar to the CNGLMB01092/y flies, flies with CNGL knockdown in neurons also showed a sharp
peak of path length per minute at the beginning of hypoxia (Figure 4.3C-D and 4.7B). The O2
level changes had a significant effect on fly locomotor activities in all the three fly genotypes (P
< 0.001 for all three comparisons within same genotype, Kruskal-Wallis test without post-hoc
test) (Figure 4.3E). During the recovery after hypoxia, ; elav-Gal4/+; UAS-CNGL-RNAi/+
males showed reduced locomotor performance compared with controls (Figure 4.3A-D). The
percent recovery of mutant flies (n=11, median 6.1%, IQR 4.4-9.6%) was significantly decreased
compared to controls (;elav-Gal4/+;, n=8, median 57.5%, IQR 31.3-69.8%, and ;;UAS-CNGLRNAi/+, n=18, median 62.1%, IQR 59.7-65.9%) (P < 0.01 or 0.001, respectively, KruskalWallis test with Dunn’s multiple comparison) (Figure 4.3F).

4.4.4 Reduced locomotion under normoxia in flies with CNGL knockdown in glia
The RNAi knockdown of CNGL using the pan-glial driver repo-Gal4 (Sepp et al., 2001) was
targeted as well. Similarly, no apparent morphological abnormality or development delay was
observed.
The RNAi knockdown of CNGL with the pan-glial driver led to reduced locomotor
performance compared with controls under normoxia as well (Figure 4.4A-D). ;;repo-Gal4/UASCNGL-RNAi males displayed significantly lower average path length per minute (n=8, median
0.8 cm/min, IQR 0.4-1.3 cm/min) compared with controls (;;repo-Gal4/+, n=10, median 48.1
cm/min, IQR 43.1-55.7 cm/min, and ;;UAS-CNGL-RNAi/+, n=12, median 38.8 cm/min, IQR
37.7-44.4 cm/min) (P < 0.001 or 0.05, respectively, Kruskal-Wallis test with Dunn’s multiple
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Figure 4.3 Reduced locomotion under normoxia and reduced recovery in response to
hypoxia in flies with CNGL knockdown in neurons.
(A-C) Locomotor analysis for flies with CNGL knockdown pan-neuronally and control flies with
hypoxia. (D) Path length per minute of control ﬂies (;elav-Gal4/+;, green circles and green line,
n=8, and ;;UAS-CNGL-RNAi/+, red circles and red line, n=18) and CNGL pan-neuronal
knockdown flies (; elav-Gal4/+; UAS-CNGL-RNAi/+, blue circles and blue line, n=11) during
normoxia, hypoxia and recovery process. (E) The average path length per minute under
normoxia (1-10 min), during hypoxia (16-25 min), and during reoxygenation (31-40 min and 5665 min) of control flies and flies with CNGL knockdown in neurons. (F) The percent recovery of
control and CNGL pan-neuronal knockdown flies. Asterisks (** or ***) indicate P < 0.01 or
0.001, respectively, by Kruskal-Wallis test with Dunn’s multiple comparison.
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Figure 4.4 Reduced locomotion under normoxia in flies with CNGL knockdown in glia.
(A-C) Locomotor analysis for flies with pan-glial CNGL down-regulation and control flies with
hypoxia. (D) Path length per minute of control ﬂies (;;repo-Gal4/+;, red circles and red line,
n=10, and ;;UAS-CNGL-RNAi/+, green circles and green line, n=12) and CNGL pan-glial
knockdown flies (;;repo-Gal4/UAS-CNGL-RNAi, blue circles and blue line, n=8) during
normoxia, hypoxia and recovery process. (E) The average path length per minute under
normoxia (1-10 min), during hypoxia (16-25 min), and during reoxygenation (31-40 min and 5665 min) of control flies and flies with CNGL knockdown in glia. Asterisks (* or ***) indicate P
< 0.05 or 0.001, respectively, by Kruskal-Wallis test with Dunn’s multiple comparison.
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comparison) (Figure 4.4E, left panel). The changes in O2 level only affected the fly locomotion
in the two control flies (;;repo-Gal4/+ and ;;UAS-CNGL-RNAi/+, both P < 0.001, KruskalWallis test without post-hoc test), however, the locomotor activities in ;;repo-Gal4/UAS-CNGLRNAi flies did not vary when O2 level was altered (P > 0.05, Kruskal-Wallis test without posthoc test) (Figure 4.4E). A small peak of path length per minute could be observed in ;;repoGal4/UAS-CNGL-RNAi flies at the beginning of hypoxia treatment (Figure 4.4C-D and 4.7C).

4.4.5 Overexpression of Gyc88E eliminated both the reduced locomotion under normoxia
and the reduced recovery in response to hypoxia in CNGL mutant
cGMP regulates the behavioral responses to hypoxia in Drosophila larvae (VermehrenSchmaedick et al., 2010), and modulates the onset of anoxic coma (Dawson-Scully et al., 2010)
and the speed of anoxic recovery in adult flies (Xiao and Robertson, 2017). However, it is
unclear whether cGMP modulates locomotor activity under normoxia and whether it regulates
the hypoxia response in adult flies. Therefore, an atypical soluble guanylyl cyclase Gyc88E
which catalyzes cGMP production was simultaneously expressed in CNGL mutant flies. This
was done to examine whether cGMP upregulation could compensate for the reduced locomotion
under normoxia and reduced recovery in response to hypoxia due to the down-regulation of
CNGL.
Under normoxia, the flies CNGLMB01092/y; UAS-Gyc88E/+; had improved locomotor
performance compared with CNGLMB01092/y flies (Figure 4.5A-D). Although the average path
length per minute of flies CNGLMB01092/y; UAS-Gyc88E/+; (n=16, median 43.2 cm/min, IQR
39.5-49.5 cm/min) was comparable to flies ;UAS-Gyc88E/+; (n=25, median 44.5 cm/min, IQR
36.9-48.9 cm/min) (P > 0.05, Kruskal-Wallis test with Dunn’s multiple comparison), the average
119

speed of flies CNGLMB01092/y; UAS-Gyc88E/+; was significantly higher compared with
CNGLMB01092/y flies (n=14, median 6.2 cm/min, IQR 3.2-10.2 cm/min) (P < 0.001, KruskalWallis test with Dunn’s multiple comparison) (Figure 4.5E, left panel). The alterations in O2
level had an influence on fly locomotion in all these three fly lines (P < 0.001 for all three
comparisons within same genotype, Kruskal-Wallis test without post-hoc test) (Figure 4.5E). The
CNGLMB01092/y flies also showed a sharp peak of path length per minute within 2 min at the
onset of hypoxia (Figure 4.5A and D, and 4.7D).
During the recovery process, the flies CNGLMB01092/y; UAS-Gyc88E/+; walked farther
compared with the two control fly lines (Figure 4.5A-D). Overexpression of Gyc88E in CNGL
mutant resulted in larger percent recovery (n=16, median 64.7%, IQR 20.6-69.8%) while the two
control fly lines, CNGLMB01092/y and ;UAS-Gyc88E/+;, had percentage recoveries of 21.3%
(n=14, IQR 6.9-43.8%), and 1.0% (n=25, IQR 0.7-1.4%), respectively (P < 0.05 or 0.001,
respectively, Kruskal-Wallis test with Dunn’s multiple comparison) (Figure 4.5F).
Therefore, the overexpression of Gyc88E in CNGL mutant flies suppressed the reduced
locomotion under normoxia and the reduced recovery in response to hypoxia.

4.4.6 Pde1c mutation eliminated both the reduced locomotion under normoxia and the
reduced recovery in response to hypoxia in CNGL mutant
Overexpression of Gyc88E, which leads to the upregulation of cGMP suppresses the w-RNAi
induced delay of locomotor recovery (Xiao and Robertson, 2017) and eliminates the reduced
locomotion under normoxia and the reduced recovery in response to hypoxia in CNGL
mutant. Genes for cGMP-specific PDEs, which regulate intracellular levels of cGMP by
hydrolyzing cGMP, have been identified in Drosophila (Day et al., 2005; Morton and Hudson,
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2002). Therefore, PDE mutation is another approach to investigate the impact of cGMP
upregulation (Xiao and Robertson, 2017). One of the PDE mutants, Pde1cKG05572, could
compensate for the w-RNAi-induced delay of locomotor recovery from anoxia. Here we
examined whether the Pde1c mutation could also eliminate the reduced locomotion under
normoxia and the reduced recovery in response to hypoxia in CNGL mutant flies.
Among the three fly genotypes under normoxia, flies CNGLMB01092/y; Pde1cKG05572/+;
displayed better locomotor performance compared with CNGL mutant flies (Figure 4.6A-D). The
average path length per minute in CNGLMB01092/y; Pde1cKG05572/+; was 31.2 cm/min (n=15, IQR
29.2-34.0 cm/min). Even though it showed smaller path length per minute than flies ;
Pde1cKG05572/+; (n=12, median 48.2 cm/min, IQR 42.8-51.7 cm/min), it had larger value than
CNGL mutant flies CNGLMB01092/y flies (n=8, median 7.3 cm/min, IQR 2.4-18.5 cm/min) (P <
0.001 for both comparisons, Kruskal-Wallis test with Dunn’s multiple comparison) (Figure 4.6E,
left panel). These data indicate that Pde1c mutation suppressed the reduced locomotor activity
under normoxia in CNGL mutant. In addition, O2 level changes affected fly locomotor activities
in all three fly genotypes (P < 0.001 for all three comparisons within same genotypes, KruskalWallis test without post-hoc test) (Figure 4.6E). Similarly, the path length per minute in
CNGLMB01092/y flies reached to a peak value at the beginning of the hypoxia treatment and
immediately dropped ~10 cm/min, which was then followed by a gradual increase (Figure 4.6A
and D, and 4.7E).
During recovery, flies CNGLMB01092/y; Pde1cKG05572/+; walked farther relative to
CNGLMB01092/y flies (Figure 4.6A-D). Although the recovery percentage in CNGLMB01092/y;
Pde1cKG05572/+; (n=15, median 53.3%, IQR 42.8-64.4%) was comparable with that of
;Pde1cKG05572/+; flies (n=12, median 46.0%, IQR 45.1-49.0%), the value of CNGLMB01092/y;
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Figure 4.5 Overexpression of Gyc88E eliminated both the reduced locomotion under
normoxia and the reduced recovery in response to hypoxia in CNGL mutant.
(A-C) Locomotor analysis for flies with Gyc88E overexpression and control flies with hypoxia.
(D) Path length per minute of control ﬂies (CNGLMB01092/y, red circles and red line, n=12, and
;UAS-Gyc88E/+;, green circles and green line, n=29) and CNGL mutant flies with Gyc88E
overexpression (CNGLMB01092/y; UAS-Gyc88E/+;, blue circles and blue line, n=16) during
normoxia, hypoxia and recovery. (B) The average path length per minute under normoxia (1-10
min), during hypoxia (16-25 min), and during reoxygenation (31-40 min and 56-65 min) of
control flies and CNGL mutant flies with Gyc88E overexpression. (C) The percent recovery of
control flies and CNGL mutant flies with Gyc88E overexpression. Asterisks (* or ***) indicate P
< 0.05 or 0.001, respectively, by Kruskal-Wallis test with Dunn’s multiple comparison.
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Pde1cKG05572/+; was significantly higher than that of CNGLMB01092/y flies (n=8, median 17.5%,
IQR 4.6-43.8%) (P > 0.05 or < 0.05, respectively, Kruskal-Wallis test with Dunn’s multiple
comparison) (Figure 4.6F). Therefore, the result suggests that the mutation in Pde1c eliminated
the reduced recovery percentage in response to hypoxia in CNGL mutant flies.

4.4.7 Increased locomotion at the onset of hypoxia in flies with CNGL down-regulation or
pan-neuronal knockdown
Flies with CNGL down-regulation or knockdown showed increased locomotion within 1-2
min when hypoxia was turned on and the path length per minute then dropped rapidly;
afterwards, the value was gradually increased (Figure 4.7A-E, left panel (summarized from
Figure 4.2D-4.6D)). The peak value of the path length per minute was then compared with that at
10 min, which was the last minute before hypoxia was on. In most cases, the peak value was
significantly higher than that at 10 min (Figure 4.7A, right panel: P < 0.05; Figure 4.7B, right
panel: P < 0.01; Figure 4.7D, right panel: P < 0.001; Mann-Whitney test for all comparisons).
However, no significant differences could be observed in flies with CNGL knockdown in glia
(Figure 4.7C, right panel: P > 0.05, Mann-Whitney test). Although a peak was observable in
Figure 4.7E, the peak value was not remarkably higher than that at 10 min, which might be due
to large variations (P > 0.05, Mann-Whitney test).

4.4.8 Reduced basal levels of CNS extracellular K+ in CNGLMB01092/y flies
In vertebrate photoreceptors, CNG channels determine the dynamics of Ca2+ homeostasis,
which plays a key role in light adaptation (Kaupp and Seifert, 2002). Additionally, in olfactory
receptor neurons, CNG channels are permeable to Ca2+ ions, which contributes to feedforward
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Figure 4.6 Pde1c mutation eliminated both the reduced locomotion under normoxia and
the reduced recovery in response to hypoxia in CNGL mutant.
(A-C) Locomotor analysis for flies with Pde1c mutation and control flies with hypoxia. (D) Path
length per minute of control ﬂies (CNGLMB01092/y, red circles and red line, n=8, and
;Pde1cKG05572/+;, blue circles and blue line, n=12) and CNGL mutant flies with Pde1c mutation
(CNGLMB01092/y; Pde1cKG05572/+;, green circles and green line, n=15) during normoxia, hypoxia
and recovery. (B) The average path length per minute under normoxia (1-10 min), during
hypoxia (16-25 min), and during reoxygenation (31-40 min and 56-65 min) of control flies and
CNGL mutant flies with Pde1c mutation. (C) The percent recovery of control flies and CNGL
mutant flies with Pde1c mutation. Asterisks (* or ***) indicate P < 0.05 or 0.001, respectively,
by Kruskal-Wallis test with Dunn’s multiple comparison.
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Figure 4.7 Increased locomotion at the onset of hypoxia in flies with CNGL downregulation or pan-neuronal knockdown.
Left panels of A-E are summarized from Figure 4.2D-4.6D, respectively. Right panels of A-E are
the path length per minute of the peak and at 10 min in flies with CNGL down-regulation or
knockdown.
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and feedback mechanisms (Kaupp, 2010). Hence, it is possible that mutations of CNG channel,
such as CNGL mutation, could affect extracellular ion homeostasis.
The K+-selective and reference electrodes were both inserted into the middle of the brain to
measure [K+]o. After 5 minutes adaptation to the recording system, [K+]o baseline was stable
throughout the experiment. The CNGL mutation in CNGLMB01092/y flies (n=19, median 6.2 mM,
IQR 5.4-6.8 mM) was associated with a significant reduction in CNS extracellular K+
concentration compared with w1118 flies (n=23, median 7.6 mM, IQR 6.1-8.9 mM) (P < 0.01,
Mann-Whitney test) (Figure 4.8B).

4.4.9 Overexpression of Gyc88E compensated for the reduced basal levels of CNS
extracellular K+ in CNGL mutant
cGMP upregulation by the overexpression of Gyc88E eliminated the reduced locomotion in
CNGL mutant flies. Thus we examined whether it could also suppress the reduced basal levels of
CNS extracellular K+ in CNGLMB01092/y flies.
Gyc88E overexpression led to a marked baseline increase in CNS extracellular K+ recording
(P < 0.01 or 0.001, Kruskal-Wallis test with Dunn’s multiple comparison) (Figure 4.8B). [K+]o in
flies CNGLMB01092/y; UAS-Gyc88E/+; was 9.3 mM (n=12, IQR 6.9-11.3 mM), however, the two
control flies, CNGLMB01092/y and ;UAS-Gyc88E/+;, had K+ baseline at 6.2 mM (n=19, IQR 5.46.8 mM) and 5.5 mM (n=14, IQR 4.5-7.2 mM), respectively. Additionally, the basal level of
CNS extracellular K+ in CNGLMB01092/y; UAS-Gyc88E/+; flies was also significantly higher than
that of w1118 flies (P < 0.05, Mann-Whitney test), suggesting that overexpression of Gyc88E
eliminated the reduced basal levels of CNS extracellular K+ and even increased it to a higher
level in CNGL mutant.
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Figure 4.8 Reduced basal levels of CNS extracellular K+, and increased ∆ [K+]o and trecovery,
and reduced tpeak in response to hypoxia in CNGLMB01092/y flies. The overexpression of
Gyc88E eliminated the reduced basal levels of of CNS extracellular K+ and partially
compensated for the CNS alterations in response to hypoxia in flies with down-regulation
of CNGL.
(A) The response variables in the [K+]o trace. The red and green lines represent the baselines
before and after hypoxia, respectively. The blue line represents the peak concentration. (B) Basal
levels of CNS extracellular K+ of w1118 (n=23), CNGLMB01092/y (n=19), ;UAS-Gyc88E/+;
(n=14), and CNGLMB01092/y; UAS-Gyc88E/+; (n=12). (C-E) The parameters of ∆[K+]o, tpeak and
trecovery in w1118 flies (n=9), CNGLMB01092/y flies (n=10), ;UAS-Gyc88E/+; (n=14), and
CNGLMB01092/y;UAS-Gyc88E/+; (n=10). Asterisks (*, ** or ***) indicate P < 0.05, 0.01 or
0.001, respectively, by Mann-Whitney test or Kruskal-Wallis test with Dunn’s multiple
comparison as indicated in the Results.
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4.4.10 Increased ∆ [K+]o and trecovery, and reduced tpeak in CNGLMB01092/y flies in response to
hypoxia
Hypoxia delivered to the flies caused a disturbance in ion homeostasis in the brain. [K+]o
increased when hypoxia was applied, and it returned to baseline when normoxia was restored
(Figure 4.8A). Hypoxia caused a larger change in [K+]o (∆[K+]o) in CNGLMB01092/y flies (n=10,
median 1.5 mM, IQR 1.2-1.9 mM) compared with w1118 flies (n=9, median 0.8 mM, IQR 0.61.1 mM) (P < 0.001, Mann-Whitney test) (Figure 4.8C). This suggests that CNGLMB01092/y flies
had a more severe disruptive effect on CNS extracellular K+ homeostasis by showing larger
∆[K+]o. In addition, the mutant flies took significantly shorter time to reach the peak. The tpeak of
CNGLMB01092/y flies was 64.0 s (n=10, IQR 62.0-66.0 s) while that of control flies was 67.0 s
(n=9, IQR 65.0-81.0 s) (P < 0.05, Mann-Whitney test) (Figure 4.8D). The other parameter we
measured was trecovery. CNGLMB01092/y flies (n=10, median 126.5 s, IQR 91.8-176.8 s) took
longer to regain their baseline compared with w1118 flies (n=9, median 75.0 s, IQR 42.5-114.0
s) (P < 0.05, Mann-Whitney test) (Figure 4.8E).
Therefore, the effect of hypoxia on K+ homeostasis was more severe in CNGL mutant fly
line CNGLMB01092/y by showing an increased ∆[K+]o and trecovery, and a reduced tpeak compared
with w1118 control flies.

4.4.11 Overexpression of Gyc88E reduced trecovery and increased tpeak in CNGL mutant in
response to hypoxia
The current study has shown that the overexpressing Gyc88E compensated for the reduced
locomotion in CNGL mutant after hypoxia. We then tested whether it could also eliminate the
disruption to ion homeostasis in response to hypoxia in CNGL mutant flies.
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∆[K+]o was similar between flies CNGLMB01092/y;UAS-Gyc88E/+; (n=10, median 1.3 mM,
IQR 1.0-2.5 mM) and ;UAS-Gyc88E/+; (n=14, median 1.0 mM, IQR 0.7-1.2 mM) (P > 0.05,
Kruskal-Wallis test with Dunn’s multiple comparison) (Figure 4.8C). Although hypoxia caused a
lower ∆[K+]o when Gyc88E was overexpressed in CNGL mutant compared with CNGLMB01092/y
flies (n=10, median 1.5 mM, IQR 1.2-1.9 mM), no statistically significant difference was
observed (P > 0.05, Kruskal-Wallis test with Dunn’s multiple comparison).
The tpeak of CNGLMB01092/y;UAS-Gyc88E/+; was 72.0 s (n=10, IQR 69.5-78.5 s). Although
it was similar to that of ;UAS-Gyc88E/+; flies (n=14, median 66.0 s, IQR 64.5-68.3 s), it was
higher than that of CNGL mutant flies (n=10, median 64.0 s, IQR 62.0-66.0 s) (P > 0.05 or <
0.01, respectively, Kruskal-Wallis test with Dunn’s multiple comparison) (Figure 4.8D). In
addition, flies CNGLMB01092/y;UAS-Gyc88E/+; (n=10, median 51.5 s, IQR 31.3-96.8 s) required
less time to recover from hypoxia compared with two control fly lines (CNGLMB01092/y, n=10,
median 126.5 s, IQR 91.8-176.8 s; and ;UAS-Gyc88E/+;, n=14, median 147.0 s, IQR 86.0-189.3
s) (P < 0.05 for both comparisons, Kruskal-Wallis test with Dunn’s multiple comparison) (Figure
4.8E).
Hence, the result suggests that in response to hypoxia, the upregulation of cGMP by the
overexpression of Gyc88E reduced trecovery and increased tpeak in CNGL mutant.

4.5 Discussion
We report here that hypoxia and reoxygenation affected the locomotor performance of all
tested fly lines except for the flies with CNGL knockdown in glia, which already had maximally
reduced performance. CNGL down-regulation flies CNGLMB01092/y showed reduced locomotion
under normoxia and reduced locomotor recovery from hypoxia. Hypoxia also had a strong effect
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on CNGLMB01092/y flies by showing a sharp peak of the path length per minute followed by a
gradual increase during the hypoxia period. This was similar to the effect of CNGL knockdown
in neurons. Flies with CNGL down-regulation also had reduced basal levels of CNS extracellular
K+ concentrations. Compared with wild-type w1118 flies, CNGL mutant flies displayed
increased changes in [K+]o and time to recover from hypoxia, and reduced time to reach the
[K+]o. Finally, we showed that upregulation of cGMP eliminated the reduced locomotion under
normoxia and reduced recovery in response to hypoxia as well as partially compensated for the
ion homeostasis alterations in CNGL mutant.
In the current study, CNGLMB01092/y displayed reduced locomotion under normoxia. This
suggests that CNGL is necessary for normal motor activity in adult flies under normoxia.
Compared with w1118 control flies, down-regulation of CNGL also led to an 18.4% reduction in
extracellular K+ concentration (Figure 4.8B). One explanation for the reduced locomotion in
CNGL mutant flies could be due to the reduced extracellular K+ concentration. Extracellular K+
levels affect motor activity in animals. For example, protein tyrosine phosphatase alpha (PTPα)
stimulates voltage-gated potassium Kv1.2 activity (Tsai et al., 1999), and PTPα knockout mice
show decreased exploratory locomotor activity (Skelton et al., 2003). Moreover, the application
of 5-Hydroxytryptamine (5-HT), which reduces potassium conductance in rat (North and
Uchimura, 1989), decreases locomotor activity (Pijnenburg et al., 1976). Another study shows
that treatment of mice with potassium channel inhibitors such as tetraethyl ammonium (TEA, 2.5
ng/site by intracerebroventricular (i.c.v.) injection), glibenclamide (5 ng/site, i.c.v.), apamin (25
ng/site, i.c.v.) and charybdotoxin (1 ng/site, i.c.v.), do not change their locomotor activities in the
open-field test (Kaster et al., 2005). Nevertheless, dose effects of the inhibitors are not
investigated in this open-field test; there is a possibility that higher doses would result in changes
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in the locomotor activity. Other factors might also contribute to the altered locomotion in CNGL
mutant flies, such as the changes of Na+ and Ca2+ concentrations. In Drosophila larvae,
mutations in Pickpocket1 (PPK1), which belongs to the sodium channel family, enhance
locomotion by increasing crawling speed and decreasing stops and turns relative to wild-type
(Ainsley et al., 2003). Voltage-dependent Ca2+ channel (Cav2.2) knockout mice show more
activity than controls (Beuckmann et al., 2003).
Under normoxia, the reduced path length per minute in CNGLMB01092/y flies was due to the
increased times and durations of the stops. Therefore, the mutation of CNGL resulted in less
frequent episodic activities with prolonged duration of quiescence. In larval zebrafish, fictive
swimming with an episodic pattern is evoked by the application of N-methyl-d-aspartate
(NMDA), which is an activator of the larval zebrafish swimming central pattern generator
(McDearmid and Drapeau, 2006; Wiggin et al., 2012). When C.elegans swim, episodic
locomotion is also observed with spontaneous alternation between active swimming and
inactivity, and this transition is promoted by acetylcholine (ACh) signaling (Ghosh and Emmons,
2008). So far, no direct evidence has been found for the involvement of the CNGL channel in the
release of NMDA or ACh, however, it is reported that the CNG channels are able to modulate
the neurotransmitter release such as glutamate (Bradley et al., 1997; Savchenko et al., 1997;
Zagotta and Siegelbaum, 1996). Therefore, under normoxia, the increased duration of quiescence
and the reduced episodic activities may have been due to a disruption of neuromodulation
resulting from the down-regulation of CNGL.
The hypoxia escape response in Drosophila larvae requires functional CNGA channels but
not CNGL channels (Vermehren-Schmaedick et al., 2010). This is consistent with the
observation that CNGA channels need to be activated for the mobilization of downstream target
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Ca2+, however, CNGL channels are not involved (Dijkers and O'Farrell, 2009). cGMP modulates
the speed of anoxic recovery in adult flies (Xiao and Robertson, 2017) and mediates the escape
response to hypoxia in Drosophila larvae (Vermehren-Schmaedick et al., 2010). One of the
cGMP downstream targets, PKG, is involved in behavioral tolerance to anoxia and hypoxia
(Dawson-Scully et al., 2010; Spong et al., 2016). The current study shows that the CNGL
channel, one member of the CNG ion channel family which are downstream targets of cGMP,
also regulated the hypoxia response in adult flies. However, whether the hypoxia response in
adults also requires the other members of CNG channels such as CNGA, was not investigated in
our research. The mechanism of sensory neuron activation in response to hypoxia is proposed in
Drosophila larvae (Morton, 2011). In larvae, hypoxia activates two heterodimeric atypical sGCs
(Gyc-88E/Gyc-89Da and Gyc-88E/Gyc-89Db), which act as O2 sensors. The sGCs then promote
the production of cGMP, which activates CNG channels. Drosophila larvae withdraw from food
in response to hypoxia (Vermehren-Schmaedick et al., 2010) or remain moving in anoxia for
almost 40 min (Callier et al., 2015), while adults show complete paralysis within 30 s under
anoxia (Callier et al., 2015). The different behavioral responses to reduced O2 level in larvae and
adults suggest that different mechanisms of responding to hypoxia are involved and therefore,
whether O2 sensors are required in hypoxia response of adults is unclear. To examine the
involvement of O2 sensors in adult flies, the hypoxia responses in the atypical sGCs mutant flies
should be compared with the controls.
The behavioral response to hypoxia in Drosophila larvae depends on the nitric oxide
(NO)/cyclic GMP (cGMP) signaling pathway (Wingrove and O'Farrell, 1999). The study of the
swimming system in Xenopus laevis larvae shows that the application of S-nitroso-Nacetylpenicillamine (SNAP) increases NO levels, resulting in a reduced episode duration (the
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time for which animal swims in response to a brief sensory stimulus) and an increased cycle
period (interval between the onset of a burst in one cycle and the onset of the burst in the next
cycle) (McLean and Sillar, 2000). On the contrary, the exposure of nitric oxide synthase (NOS)
inhibitors, such as L-NAME and L-NNA, increases the episode duration and decreases the cycle
period. The effect of SNAP on the swimming motor pattern is similar to that of sodium azide
(NaN3) when it is applied to Xenopus laevis larvae (Robertson et al., 2010), which is widely used
to induce chemical hypoxia in neurons (Koschmieder Jørgensen et al., 1999; Selvatici et al.,
2009; Varming et al., 1996) and is reported to generate NO (Smith et al., 1991; Smith and
Wilcox, 1994). In adult flies, it is still unclear why a peak value of the path length per minute
was generated at the beginning of hypoxia, especially in the flies with CNGL down-regulation or
pan-neuronal knockdown. However, the reduced locomotion followed by the peak value in the
fly lines noted above as well as the decreased activity in all other tested fly lines during hypoxia
might be due to the increased NO level which reduced the episode duration and therefore,
decreased the value of path length per minute.
Astrocytes, a type of glial cell, are critical for the behaviors in Drosophila larvae by
regulating the Ca2+ level and the downstream dopaminergic neurons (Ma et al., 2016).
Octopamine/tyramine receptor (Oct-TyrR) and the transient receptor potential (TRP) channel
Water witch (Wtrw) are essential in this astrocytic Ca2+ signaling pathway and are required for
normal behavior in larvae. Under normoxia, our result shows that flies with CNGL knockdown in
glia showed remarkably reduced locomotor performance compared with control flies and even
with flies with CNGL down-regulation or knockdown in neurons. It is possible that the CNGL
channel is also essential in the glial Ca2+ signaling pathway and critical for the normal
locomotion in adult flies. CNGLMB01092/y flies showed reduced recovery after hypoxia. It was
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comparable with the flies of CNGL knockdown in neurons, however, due to maximally reduced
performance under normoxia and the similar locomotion under different O2 levels, the
calculation for the recovery percentage of flies with CNGL knockdown in glia was not
performed. The CNGL gene is highly expressed in neurons (Miyazu et al., 2000), and it is likely
that the CNGL channels in glial cells have different functions from the CNGL channels in
neurons, leading to the different effects of O2 level changes on locomotor activities.
Nevertheless, compared with Gal4 control flies, the reduced recovery of flies with CNGL
knockdown in neurons suggests that CNGL channels expressed in neurons regulated hypoxic
recovery. To determine the contributions of specific neuronal or glial cell types to the hypoxia
response, specific driver lines for neurons or glia of the fly CNS could be used to cross with
UAS-CNGL-RNAi flies.
We also found that the overexpression of Gyc88E or by the mutation of Pde1c compensated
for the reduced recovery percentage in response to hypoxia in CNGL mutant flies. We did not
measure cGMP levels by performing biological assay when Gyc88E was overexpressed,
however, the overexpression of Gyc88E eliminates the white (w) gene-RNAi-induced delay of
locomotor recovery and the effect is similar to several PDE mutants, especially cGMP-specific
PDE mutants (Xiao and Robertson, 2017), suggesting that the Gyc88E overexpression is likely
to upregulate the cGMP level. It should be noted that CNGLMB01092/y; Pde1cKG05572/+; flies
displayed similar recovery percentage compared with one of the controls ; Pde1cKG05572/+;
(Figure 4.6C) while CNGLMB01092/y; UAS-Gyc88E/+; flies showed significant higher value
relative to the control flies ; UAS-Gyc88E/+; (Figure 4.5C). The reason for the inconsistency
between these two approaches might be that Pde1c mutation was not a UAS-line and therefore, it
lost tissue specificity and could not function as specifically as the UAS-Gyc88E fly line, in
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which Gyc88E was overexpressed only in CNGL-positive cells. Nevertheless, compared with
CNGL mutant flies CNGLMB01092/y, the remarkable increased recovery of the flies with Gyc88E
overexpression or Pde1c mutation in CNGL mutant still suggests that cGMP upregulation
eliminated the reduced recovery percentage induced by the down-regulation of CNGL in
response to hypoxia.
Another interesting observation is that post-hypoxic depression of locomotion was observed
in the mutant flies with reduced percent recovery as well as w1118 flies. This appears similar to
the post-hypoxic depression of respiratory rhythm generation in male mice (Garcia et al., 2013).
At the onset of reoxygenation, a large peak of CO2 output, which is an index of mitochondrial
activity, could be observed in male flies, and this peak reduces with increased anoxia duration
(Lighton and Schilman, 2007). In addition, this increased CO2 emission corresponds to no
activity at the beginning of reperfusion with O2 in flies (Lighton and Schilman, 2007).
Mitochondria produce reactive oxygen species (ROS) including superoxide (Forman and
Kennedy, 1974; Loschen et al., 1974). Therefore, the initial trigger for the post-hypoxic
depression of locomotion is likely due to the resumed function of mitochondria and the increased
level of superoxide. Moreover, mitochondria also produces nitric oxide (NO) (Elfering et al.,
2002), which stimulates sGCs and increases cGMP production. The full recovery from hypoxia
depends on the clearance of superoxide and metabolites such as adenosine, due to their effects on
locomotor neural circuits and muscles (Godenschwege et al., 2009; Witts et al., 2015).
In vertebrate photoreceptors and olfactory receptor neurons, CNG channels regulate sensory
transduction in response to stimulation by generating changes in membrane potential and ion
concentrations (Kaupp and Seifert, 2002; Yau and Baylor, 1989; Zufall and Munger, 2001). The
activated CNG channels cause an inward cation current carried by Na+ and Ca2+ ions, leading to
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membrane depolarization and increased Ca2+ concentration. CNG channels are non-selective
cation channels, which do not discriminate between cations, and allow cations including K+, Na+,
Li+, Rb+ and Cs+ to conduct equally well (Kaupp and Seifert, 2002). Our recording experiments
displayed the decreased basal level of CNS extracellular K+ concentration in CNGLMB01092/y
flies. It is possible that the down-regulation of CNGL might also lead to the concentration
changes of other cations such as Na+ and Ca2+. However, the extracellular Na+ and Ca2+
concentrations are both more than 10-fold higher than intracellular concentrations. Hence, slight
changes of extracellular Na+ or Ca2+ concentrations caused by the down-regulation of CNGL
would be unobservable if CNS extracellular recordings with Na+ or Ca2+-sensitive electrodes
were performed. To examine the Na+ and Ca2+ concentration changes, CNS intracellular
recordings with Na+ or Ca2+-sensitive electrodes should be designed.
The electrophysiological results in the current study showed that in response to hypoxia, the
down-regulation of CNGL led to an increased change in the [K+]o and time to recover from
hypoxia, and a decreased time to reach the concentration peak compared with w1118 controls,
suggesting that the down-regulation of CNGL altered extracellular ion homeostasis. Anoxia
causes a surge of [K+]o in fly brain (Armstrong et al., 2011). The increased ∆[K+]o in response to
hypoxia indicated that compared with w1118 control flies, the ion homeostasis in CNGL mutant,
especially with respect to [K+]o, was more easily disrupted and these flies might have difficulty
in maintaining [K+]o homeostasis in response to hypoxia. CNGL mutant flies required shorter
time to reach the [K+]o peak, which also indicates that they had a more severe disruptive effect
on [K+]o homeostasis. Taking tpeak as another measure of ion homeostasis and an indirect
measure of hypoxia tolerance, our result provided further evidence on the notion that the downregulation of CNGL disturbed the ion homeostasis under hypoxia. It is also worth noting that
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most of the flies reached [K+]o peak after hypoxia was turned off, resulting in tpeak larger than the
hypoxia duration which was 60 s. The reason might be that flies required a short while to
respond to the increased O2 level, which was consistent with previous studies (Armstrong et al.,
2011; Rodriguez and Robertson, 2012). We also found that the overexpression of Gyc88E
reduced trecovery and increased tpeak in CNGL mutants in response to hypoxia. ∆[K+]o was also
reduced when Gyc88E was overexpressed, however, statistical analysis indicates no significant
difference. However, there was a significant difference in the voltage change recorded by the K+sensitive electrode prior to the conversion to K+ concentration in flies with Gyc88E
overexpression (data not shown). It is possible that increasing the sample sizes could reveal a
statistically significant difference in ∆[K+]o.
The application of studies in Drosophila to humans requires extensive work. However, the
ﬁnding of speciﬁc genes associated with hypoxia responses in invertebrates would encourage
further investigation and consolidation in vertebrates including humans. The human brain is
extremely sensitive to hypoxia or anoxia. An exposure to minutes of extreme hypoxia causes
unconsciousness and even death in humans (Bronshvag, 1978; Goldberg and Ellis, 1997;
Madison and Niedermeyer, 1970; McQuillen, 1949). Therefore, my study might provide
preliminary evidence for the identiﬁcation of human homologous genes to CNGL involved in
hypoxia tolerance. Thus there is clinical signiﬁcance in developing novel gene therapy to
increase hypoxia tolerance in humans and to minimize the consequences of ischemic stroke and
myocardial infarction.
In summary, in the current study, we did not investigate the role of other members of CNG
channels in the hypoxia response in adult flies. However, it is clear that the CNGL channel was
involved in the hypoxia response in Drosophila adults by showing that the downregulation of
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CNGL led to reduced recovery, increased K+ voltage change, shortened time to reach voltage
peak in response to hypoxia and delayed recovery from hypoxia.
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Chapter 5
General Discussion
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My research goal was to investigate the effects of age and the environment on fly locomotor
performance. In Chapter 2, I examined the effect of fly age on locomotor activity in two fly
strains Canton-S and w1118. I further characterized long-term environmental effects on fly
locomotor activity by investigating the neural plasticity in response to repetitive visual
stimulation in Chapter 3. The preference for the boundary and the distance travelled in a circular
arena, as well as extracellular electrical activity associated with a centrally-generated motor
pattern (struggling behavior), were investigated after treatment with pulses of light. Finally in
Chapter 4, I examined short-term environmental effects by investigating the contributions of the
CNGL channel to hypoxia-related behaviors in adult flies by performing locomotor assays and
electrophysiological recordings.

5.1 Significance of investigating the effect of fly age on locomotor activity
Age-related behavioral decline is common in both invertebrates and vertebrates. A major
finding in the current project was that locomotor performance depended on fly age, and such
age-dependent behavioral and physiological changes differed between Canton-S and w1118
flies. Although only two fly strains were tested in this study, it was still clear that the differences
in behavior and neural function between these two flies persisted into their old age. Therefore,
the differences between strains may vary as they age, suggesting that the choice of fly strains for
aging studies needs careful consideration by Drosophila researchers. It also laid the foundation
and determined the appropriate age range for the following project, in which young flies at 4-9
days old were used due to the altered behavioral performances at older ages.
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5.2 Significance of investigating the effect of pulsed light stimulation on locomotor activity
The effect of pulsed light stimulation on fly activity was tested and the neural plasticity in
response to the environmental stimuli was examined. My results show that pulsed light
stimulation increased boundary preference and the distance travelled in a circular arena, as well
as the periodicity of episodic motor activity in flies. It has been reported that repetitive
stimulation has positive effects on motor activity in stroke patients (Johansson et al., 1993; Smith
et al., 2009) and people with cerebral lesions (Kattenstroth et al., 2012). Therefore, the
technologies for genetic manipulation in Drosophila as an animal model could be effective in
identifying the detailed mechanisms underlying the mitigation of brain damage by repetitive
stimulation.
In addition, following Chapter 2 in the investigation of the differences between two fly
strains Canton-S and w1118, Chapter 3 also characterized the differences by comparing episodic
motor activities. It showed that periodic events were largely missing in w1118 flies, and the
occurrence of the periodic activity in Canton-S flies was related to the wild-type genetic
background rather than the white gene. Differences between Canton-S and w1118 flies have been
reported before, such as the alterations of boundary preference in small circular arenas (Xiao and
Robertson, 2015) and the speed of recovery from anoxia (Xiao and Robertson, 2016), as well as
other degenerative phenotypes in w1118 flies including retinal degeneration, poor place memory
and abnormal climbing ability (Campbell and Nash, 2001; Colley, 2012; Krstic et al., 2013;
Pérez et al., 2014; Schilman et al., 2011). My current results provided a novel difference between
these two fly strains at the level of electrical activity which was associated with a centrallygenerated motor pattern and the mechanism underlying the occurrence of periodic electricity
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activity in Canton-S flies was clear by the sophisticated techniques afforded by a Drosophila
model.

5.3 Significance of investigating the involvement of CNGL channel in response to hypoxia
The CNGA channel, which is a member of CNG family, mediates behavioral responses to
hypoxia in Drosophila larvae (Vermehren-Schmaedick et al., 2010). However, the other CNG
members, including the CNGL channel, are not involved in the hypoxia escape response in
Drosophila larvae. Little research attention has so far been focused on the CNGL channel.
However we know that: 1) there is a high expression level of CNGL in the fly optic lobe, central
brain and thoracic ganglia (Miyazu et al., 2000); 2) the CNGL channel is somehow involved in
visual orientation memory (Kuntz et al., 2017); and 3) the CNGL channel is not involved in the
hypoxia escape response in Drosophila larvae (Vermehren-Schmaedick et al., 2010).
cGMP modulates the speed of anoxic recovery in adult flies (Xiao and Robertson, 2017) and
the hypoxia escape response in Drosophila larvae (Vermehren-Schmaedick et al., 2010). It has
been reported that PKG, one of the cGMP downstream targets, regulates the behavioral tolerance
to anoxia and hypoxia (Dawson-Scully et al., 2010; Spong et al., 2016). The CNG channel is
another downstream target of cGMP. My result provides new insights into the function of a
member of the CNG channel family, the CNGL channel, by showing that it was associated with
hypoxia-related behaviors in adult flies.
The CNGL gene is similar to the genes for mammalian CNG channel α and β subunits
(Miyazu et al., 2000; Vermehren-Schmaedick et al., 2010), therefore, the high sequence identity
between them suggests that human gene CNGA or CNGB might also be involved in the hypoxiarelated responses. Humans have complex circulatory and respiratory systems for O2 delivery
155

while flies have only tracheal tubes allowing direct O2 diffusion to all cells, suggesting that the
hypoxia response in humans is likely to be more complex than that in flies (Semenza, 1999).
However, the result obtained in this study still moves forward the understanding of hypoxia
responses and the mitigation of hypoxia effects in adult flies, which will potentially contribute to
the research and application of gene therapy in humans to some extent.
In addition, upregulation of cGMP by Gyc88E overexpression or Pde1c mutation improved
locomotion after hypoxia. Although the effect of sildenafil (Viagra) treatment in the regulation of
hypoxia-related behavior was not tested in the current study, it has been reported that sildenafil
inhibits enzymatic activities of cGMP-specific PDE (Ballard et al., 1998; Corbin and Francis,
1999; Day et al., 2005; Morales et al., 1998) and leads to the enhancement of tissue cGMP levels
(Jeremy et al., 1997). Therefore, the present results may help to explain why sildenafil (Viagra)
treatment significantly improves recovery of stroke in multiple animal experiments as well as
clinical trials, and has become a popular therapeutic method in the treatment of coma due to
ischemic stroke and traumatic brain injury (Bednar, 2008; Ölmestig et al., 2017; Silver et al.,
2009; Zhang et al., 2002).
Post-hypoxic depression of respiratory rhythm generation is found in male mice (Garcia et
al., 2013), and our result showed similar post-hypoxic depression of locomotion in mutant flies
with reduced percent recovery as well as w1118 flies. The mechanism underlying the posthypoxic depression in mice is unknown. It is likely that such depression is caused by the
resumed function of mitochondria which generates a burst of superoxide that could activate
numerous modulatory pathways. The full recovery from hypoxia might depend on the clearance
of superoxide and metabolites (Godenschwege et al., 2009; Witts et al., 2015).
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It is also worth noting that besides the contribution of CNGL channel to the hypoxia
response, my results also demonstrate the involvement of CNGL channel in locomotion under
normoxia. It has been shown that under normoxia, locomotor activities are regulated by ion
channels, such as the G protein-gated inwardly rectifying potassium channels (Wickman et al.,
2000), voltage-gated potassium channels (Espinosa et al., 2001; Wang et al., 2002), voltagedependent Ca2+ channel (Mathews et al., 2003; Saegusa et al., 2000), voltage-gated Na+ channel
(Nash et al., 2002), and transient receptor potential (TRP) channels (Cheng et al., 2010). My
results expand such lists of ion channels by characterizing the involvement of CNGL channel in
regulating locomotion under normoxia.

5.4 Limitations and future directions
Fly locomotor activity was investigated in all three data chapters. However, it is worth
noting that the activity we tested was only locomotion restricted within a small circular arena
rather than the natural behavior of the fly. Animal behavior is affected by the surrounding
environmental conditions (Bartumeus and Levin, 2008; Martin, 2004), which may not be fully
replicated when performing locomotor assays in the laboratory.
In addition, the investigation of the effect of age on fly locomotion in Canton-S and w1118
flies is limited by focusing on only two fly strains. Therefore, whether the age-dependent
differences are associated with the white gene or the different genetic backgrounds in these two
fly lines is unclear. To determine the exact genetic contribution of these two elements, serial
backcrossing could be performed to exchange w alleles between Canton-S and w1118 flies, and
progeny flies (F10) need to be generated (Xiao and Robertson, 2015). It is also unclear what
physiological or molecular mechanisms contribute to the age-dependent differences between
these two fly lines. Neurotransmitters including serotonin and dopamine have been associated
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with locomotor performance (Chen et al., 2013; Riemensperger et al., 2013; Sitaraman et al.,
2008) and reduced metabolic rate results in a reduced metabolic disturbance during an anoxic
coma (Schilman et al., 2011). Therefore, several possibilities can be tested in the two fly strains
at young and old ages, such as the levels of neurotransmitters and the metabolic rates.
Chapter 3 characterized the long-term environmental effect of pulsed light stimulation on
Canton-S and w1118 flies. The periodic electrical activity which was associated with a centrallygenerated motor pattern and the genetic mechanism underlying this difference were investigated.
Moreover, it examined neural plasticity in response to environmental changes. My results show
that pulsed light stimulation could generate a motor activity response at the level of both
behavior and electrical activity. However, the mechanism of brain plasticity to promote enhanced
activity is still undetermined. Therefore, experimental approaches, including genetic analysis
facilitated by the Drosophila model, to characterize the underlying mechanisms are necessary.
Additionally, in the current study, the pulsed light stimulation was given with the cycle of 5 s
ON-15 s OFF of white light. However, it is unclear whether the motor activity response would be
altered when the pulsed light stimulation is given with other frequencies or of different
wavelengths of light. Moreover, whether other stimulations, such as sound or odorant
stimulation, would generate similar responses was not tested in the current project.
I have shown that the CNGL channel affected the fly locomotor activity after hypoxia.
However, whether other CNG channel family members such as CNGA, CG3536 and CG17922,
also contribute to the locomotor activity was not investigated. In addition, the study was only
performed in adult flies, but whether mutation of CNGL channel would lead to the reduced
locomotor activity under normoxia in Drosophila larvae is still unknown.
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In Drosophila larvae, two heterodimeric atypical sGCs act as O2 sensors and are activated in
response to hypoxia (Morton, 2011). The atypical sGCs then stimulate the cGMP production,
followed by the activation of CNG channels. Drosophila larvae and adults show different
behavioral responses to O2 deprivation, in which larvae withdraw from food under hypoxia
within 2 min (Vermehren-Schmaedick et al., 2010) or continue moving in anoxia for more than
30 min (Callier et al., 2015) while adults are paralyzed within 30 s under anoxia (Callier et al.,
2015). It indicates that different mechanisms of hypoxia response might be involved in larvae
and adults, and it is obscure whether O2 sensors are also required in hypoxia response of adults.
To investigate the involvement of O2 sensors in adults, mutations in the atypical sGCs could be
designed and their hypoxia responses could be compared with the wild-type flies.
Moreover, CNG channels are non-selective cation channels and allow cations such as K+,
Na+ and Ca2+ to conduct well (Kaupp and Seifert, 2002). With a K+-sensitive microelectrode, my
electrophysiological recordings only measured the basal level of CNS [K+]o under normoxia and
the change of [K+]o in response to hypoxia, rather than the levels of other cations. To examine
the basal level under normoxia or the hypoxia-effect of the other cations, one possible method is
to perform CNS extracellular recordings with Na+ or Ca2+-sensitive electrodes. However, due to
the higher extracellular concentration compared with the intracellular levels of Na+ and Ca2+, the
changes in CNS extracellular Na+ and Ca2+ may not be obvious. Therefore, CNS intracellular
recordings with Na+ or Ca2+-sensitive electrodes may be performed to examine the basal levels
under normoxia and concentration changes in response to hypoxia.
Overall, my thesis has led to a better understanding of age and environmental effects on fly
locomotor performance, and the involvement of CNGL channel in locomotion in response to
hypoxia in adult flies. Behavioral studies using the locomotor assay accompanied with
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extracellular recordings provide novel insights for the differences between Canton-S and w1118
strains, the neural plasticity in response to environmental changes, and the role of CNGL channel
in hypoxia-related behaviors in flies.
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